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Pteropods (pelagic snails) are ubiquitous zooplankton in the Southern Ocean and 
abundant along the Western Antarctic Peninsula (WAP), one of the most rapidly 
warming regions on the planet. They are important prey for higher trophic levels, grazers 
of phytoplankton, and contribute to particulate organic and inorganic carbon export. 
Pteropods are heralded as bioindicators of ecosystem health due to the vulnerability of 
their aragonitic shells under ocean acidification conditions, which could greatly affect 
their abundances in the future. Despite their importance within Antarctic food webs, few 
studies have analyzed the effects of climate change on pteropod physiology and 
biogeography in the Southern Ocean. I utilized zooplankton net tows and sediment trap 
samples collected as part of the Palmer Antarctica Long Term Ecological Research (PAL 
LTER) program to determine long-term changes in pteropod biogeography and 
phenology (life history). I also conducted shipboard experiments on PAL LTER research 
cruises to analyze the effects of shifting temperature and food conditions on pteropod 
metabolism. Lastly, to examine WAP pteropod feeding ecology, I utilized high-
throughput sequencing techniques and analyzed pteropod gut contents at an 
unprecedented taxonomic resolution. Pteropod populations along the WAP from 1993-
2017 either remained stable (shelled pteropods) or increased (non-shelled pteropods) and 
were most strongly controlled by La Niña conditions the year prior, which led to warmer, 
ice-free waters. There was a weak relationship between pteropod abundance and 
carbonate chemistry, and no detectable long-term trend in carbonate chemistry 
parameters (i.e., aragonite saturation), thus ocean acidification is not presently a factor 
influencing WAP pteropod abundance. More open-water areas the year prior also 
increased growth rates of the shelled pteropod, Limacina helicina antarctica, and caused 
earlier time of appearance in the PAL LTER sediment trap. There was considerable 
interannual variability in the time of appearance of a new pteropod cohort, which ranged 
from year day 22 to 255, but no long-term, directional change in time of appearance or 
growth rate. The effects of warming seawater temperatures and shifting food availability 
on L. h. antarctica metabolism revealed that highest respiration and usually highest 
excretion rates occurred under higher temperatures, but the effect of food concentration 
was more limited. The proportion of dissolved organic matter to total organic and 
inorganic dissolved constituents was high and the metabolic ratios of C, N, and P were all 
below the canonical Redfield ratio, which can directly affect phytoplankton growth and 
bacterial production in the WAP. Analysis of L. h. antarctica gut contents revealed its 
microbiome for the first time with Mollicutes bacteria the most abundant prokaryote. 
Pteropods were mainly herbivorous in summer, consuming predominantly diatoms but 
also supplementing their diet with microzooplankton such as ciliates. My dissertation 
shows that pteropods along the WAP are sensitive to changes in the environment from 
daily to interannual time scales. These insights into the metabolic and ecologic responses 
of pteropods to ocean variability increase our understanding of the role of zooplankton in 
biogeochemical cycles and help predict future responses to climate change.   
 
Patricia Susan Thibodeau 
SCHOOL OF MARINE SCIENCE  
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The Western Antarctic Peninsula and climate change 
The Western Antarctic Peninsula (WAP) is one of the most rapidly warming 
regions on the planet with an annual mean midwinter air temperature increasing 7°C 
since 1950 (Vaughan et al. 2003; Meredith and King 2005). This region is characterized 
by high seasonal productivity due to upwelling of warm, CO2 and nutrient-rich Upper 
Circumpolar Deep Water (UCDW) onto the continental shelf, leading to warming of the 
region through increased ocean heat content (Ducklow et al. 2012a; Martinson and 
McKee 2012). Warming has led to a long-term decrease in sea ice in the WAP with later 
sea ice advance and earlier retreat, causing shorter sea ice seasons and widespread 
acceleration in glacier retreat in the region (Cook et al. 2016). As a result, sea ice 
coverage along the WAP has decreased 40% since 1990 (Stammerjohn et al. 2012, 2015). 
Sub-decadal scale climate oscillations, such as the Southern Annular Mode (SAM) and El 
Niño Southern Oscillation (ENSO), also influence interannual variability in sea ice 
timing and coverage (Stammerjohn et al. 2008, 2012). In the past two decades this 
warming has plateaued, and a notable increase in sea ice extent and duration, and its 
interannual variability, since the late 2000s has occurred in the coastal WAP (Henley et 
al. 2019). This shift is consistent with the decadal-scale variability in atmospheric 
circulation in the region, and climate model projections indicate an anthropogenic 
warming signal in this century comparable to that of the latter half of the last century 
(Turner et al. 2016).  
In addition, continued increases in anthropogenic dissolved CO2 make the 
Southern Ocean particularly vulnerable to ocean acidification conditions. Global oceans 
have absorbed approximately a quarter of the atmospheric CO2 produced by human 
 4 
activities, such as the burning of fossils fuels, deforestation, and cement production 
(Sabine et al. 2004; Le Quéré et al. 2018). This accumulation of CO2 in the ocean has 
lowered average global ocean pH and decreased the concentration of carbonate ions 
(CO3
2-), a process called ocean acidification (OA) (Orr et al. 2005; Fabry et al. 2008; 
Doney et al. 2009). As a result of OA, the carbonate chemistry of the global ocean is 
changing (Orr et al. 2005). The Southern Ocean is particularly vulnerable to OA because 
it is more chemically sensitive to increases in anthropogenic CO2, uptaking nearly half of 
anthropogenic CO2 (Frölicher et al. 2015; Gruber et al. 2019). Along the WAP, there has 
been a five-fold increase in ocean CO2 over two decades from changes in sea ice 
dynamics that have driven an increase in upper ocean stability, phytoplankton biomass 
and subsequently, drawdown of biological dissolved inorganic carbon (Brown et al. 
2019). The WAP is projected to experience sustained periods of undersaturation of 
aragonite, which is used to build calcifying plankton shells. The aragonite saturation 
horizon is predicted to significantly shoal as early as 2030 (Hauri et al. 2016; Negrete-
García et al. 2019) and the Southern Ocean is projected to become completely 
undersaturated with aragonite by 2100 (Doney et al. 2009); however the WAP is 
currently not undersaturated with aragonite above 1000 m (Hauri et al. 2015), 
emphasizing the need for continued long-term monitoring of the carbonate system in the 
region. 
 
The changing ecosystem of the WAP 
Physical, bottom-up changes in the WAP environment have had profound effects 
on the marine ecosystem, influencing the pelagic food web from plankton to top 
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predators  (Ducklow et al. 2012a; Saba et al. 2014; Steinberg et al. 2015; Schofield et al. 
2017; Pallin et al. 2018). In the northern WAP, chlorophyll a (chl a) concentrations 
decreased over the past 30 years due to declines in sea ice, increases in wind, and 
subsequently deeper mixed layers; in the southern WAP, chl a has increased during the 
same period as phytoplankton in the once permanently covered sea ice region are 
exposed to increasing light penetration through increasing ice melt (Montes-Hugo et al. 
2009). A long-term analysis of phytoplankton community composition in the region 
determined that diatoms dominate most phytoplankton blooms but during low 
chlorophyll years, cryptophytes make up a larger proportion of the community (Schofield 
et al. 2017). These results suggest that long-term environmental changes could lead to 
more cryptophytes dominating phytoplankton community composition along the WAP, 
which could affect food availability for zooplankton. 
Changes in zooplankton abundance and composition along the WAP have also 
occurred (Ross et al., 2008, 2014; Steinberg et al., 2015). An analysis of data compiled 
from historical and ongoing studies in the Atlantic sector of the Southern Ocean (1926-
2016) showed the range of the ice-dependent Antarctic Krill (Euphausia superba) has 
contracted southward from the sub-Antarctic towards the Antarctic continent resulting in 
a decrease in krill abundance north of the WAP, but relatively stable populations along 
the WAP (Steinberg et al. 2015; Atkinson et al. 2019). There has also been a long-term 
(1926-2003) increase or range expansion in ice-independent gelatinous salps with 
increased warming and sea ice loss (Pakhomov et al., 2002; Atkinson et al., 2004; 
Steinberg et al. 2015). As zooplankton community structure exerts control on carbon 
export through fecal pellet production and shell flux (Ducklow et al. 2008; Gleiber et al. 
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2012; Roberts et al. 2014; Cavan et al. 2019), changes in the zooplankton could impact 
biogeochemical cycling and food web interactions in the WAP (Ducklow et al. 2012a; 
Constable et al., 2014; Saba et al. 2014; Cavan et al. 2019). 
 
Pteropod ecology and population dynamics 
Pteropods (ptero-winged, poda-foot) are a pelagic snail suborder within the 
subclass Opisthobranchia and class Gastropoda (Klussmann-Kolb and Dinapoli 2006; 
van der Spoel, 1967) and ubiquitous in the world’s oceans (Bednaršek et al. 2013). 
Within the Southern Ocean, pteropods are an important part of the food web with high 
grazing rates and are prey for seabirds, fish, and carnivorous zooplankton (Hunt et al. 
2008; Giraldo et al. 2011; Mintenbeck and Torres 2017; Cleary et al. 2018). They can 
either be shelled (order Thecosomata) or non-shelled (order Gymnosomata) (Lalli and 
Gilmer 1989). Thecosome and gymnosome pteropods are both present in the WAP (Ross 
et al. 2008) with the thecosome, Limacina helicina antarctica, being the most abundant 
of the pteropods (Thibodeau et al. 2019, chapter 2) and the third most abundant 
macrozooplankton along the WAP (Steinberg et al. 2015). WAP gymnosome species, 
Clione limacina antarctica and Spongiobranchaea australis, feed exclusively on 
thecosomes, particularly L. h. antarctica (van der Spoel 1967; Boltovskoy 1974; Lalli 
and Gilmer 1989; van der Spoel and Dadon 1999) so the population dynamics of these 
groups are inherently linked through this predator-prey relationship (Seibel and Dierssen 
2003; Thibodeau et al. 2019, chapter 2). The thecosome, Clio pyramidata, is the largest 
of the pteropods present along the WAP, although occurs in relatively lower abundances 
(van der Spoel 1967; Thibodeau et al. 2019, chapter 2). Prior studies in the Antarctic and 
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elsewhere indicate a variety of climate and environmental factors controlling pteropod 
regional abundance and distribution (Beaugrand et al. 2012; Mackas and Galbraith 2012; 
Loeb and Santora 2013; Howes et al. 2015; Steinberg et al. 2015; Burridge et al. 2017). 
Loeb and Santora (2013) suggest higher L. h. antarctica abundance in the North 
Antarctic Peninsula is due to increased primary productivity stimulated by water masses 
intruding from the Antarctic Circumpolar Current. Strong La Niña years in combination 
with increasingly ice-free regions of the WAP are posited to have led to a range 
expansion and increasing abundance of L. h. antarctica in the southern WAP (Steinberg 
et al. 2015). Finally, while studies document the effect of OA on pteropod shell 
condition, the importance of carbonate chemistry as a control on pteropod distribution 
has not yet been examined in the Southern Ocean. Addressing this gap in data 
observation by connecting biological sampling of pteropods with processes that measure 
water carbonate chemistry is needed (Manno et al. 2017).   
 
The role of pteropods in the biological pump 
The biological pump is an array of biological processes that mediate transport of 
carbon from the upper ocean to depth (Steinberg and Landry 2017). Antarctic pteropods 
are important contributors to the biological pump through production and subsequent 
sinking of fecal pellets and mucous feeding webs and via active transport by diel vertical 
migration (Lalli and Gilmer 1989; Steinberg and Landry 2017). Fecal pellets and mucous 
webs are a major component of marine snow, supporting carbon export to depth (Lalli 
and Gilmer 1989; Manno et al. 2017; Steinberg and Landry 2017). In addition, pteropods 
in the WAP undergo diel vertical migrations, contributing to active transport by feeding 
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in surface waters at night and metabolizing inorganic and organic matter below the 
euphotic zone during the day (Steinberg and Landry 2017; Thibodeau et al. 2019, chapter 
2; Conroy et al. submitted). Pteropods also influence the solubility pump through the 
formation and dissolution of their calcium carbonate (CaCO3) shells composed of 
aragonite (Manno et al. 2018). Thecosome pteropods and larval gymnosomes secrete 
calcium carbonate (CaCO3) and form shells composed of aragonite by utilizing 
bicarbonate ions (HCO3
-) (Lalli and Gilmer 1989). The bicarbonate ions are bound to 
calcium to produce aragonitic shells, and dissolved CO2 is released. After the pteropod 
dies, and the shell sinks below the aragonite compensation depth, the shell dissolves, 
which results in the consumption of CO2 and release of bicarbonate ions that are 
eventually returned to near-surface waters, contributing to the solubility pump (Lalli and 
Gilmer 1989; Honjo 2004; Honjo et al. 2008; Manno et al. 2018). A recent study by 
Buitenhuis et al. (2019) estimates that shelled pteropods contribute to at least 25% of 
deep (> 2000 m) CaCO3 export and up to 89% of pelagic calcification, which has 
implications for the ocean’s alkalinity cycle and associated CO2 buffering capacity; 
however this carbonate balance may be disrupted or shifted by OA.   
 The external shell and internal gelatinous structure of Limacina spp. reduce 
weight and increase buoyancy, providing Limacina spp. with a swimming ability that 
differs from many other planktonic organisms (Lalli and Gilmer 1989). As a result, 
Limacina spp. alternate between swimming (1-4 cm/s, Chang and Yen 2012; Adhikari et 
al. 2016; Murphy et al. 2016; Bergan et al. 2017) and sinking 1.5 cm/s, Bergan et al. 
2017), and then become neutrally buoyant during feeding periods (lasting roughly six 
minutes on average) (Morton 1954; Lalli and Gilmer 1989). Their negative buoyancy 
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also makes Limacina spp. susceptible to being caught in sediment traps as they rapidly 
retreat into their shells for protection when disturbed, which causes them to quickly sink 
(Gilmer and Harbison 1986; Honjo et al. 2008). This behavior allows the use of bottom-
moored sediment traps to collect pteropods and study their fluxes, population dynamics, 
and phenology (i.e., annually occurring life history events) (Edwards and Richardson 
2004). In the Ross Sea, Collier et al. (2000) found increased vertical fluxes of L. h. 
antarctica shells collected in sediment traps during the late austral fall, while in the Sub-
Antarctic Zone near Tasmania, Howard et al. (2011) reported the seasonal flux of L. h. 
antarctica was greatest during mid-summer. The life span of polar pteropods has also 
recently been questioned, with new evidence suggesting L. h. antarctica may live up to 
three years (Bednaršek et al. 2012c). While these studies provide important information 
about pteropod population dynamics or phenology, none combine the two to discern the 
long-term effects of environmental factors on pteropod life history.  
 
Pteropod feeding ecology 
Both L. h. antarctica and C. pyramidata have some of the highest ingestion rates 
recorded for Southern Ocean zooplankton (Hunt et al. 2008) making them important 
predators in the WAP (Bernard et al. 2012). Most thecosome feeding occurs through the 
production of a mucous web that collects particles in the water column (Gilmer and 
Harbison 1986) although feeding can also occur solely through ciliary action (Morton 
1954; Howes et al. 2014). Mucus strands are then retracted into the gut by small radula 
with teeth (Lalli and Gilmer 1989). It is still debated whether pteropods are considered 
filter feeders or trappers (Gilmer and Harbison 1986; Lalli and Gilmer 1989). Thecosome 
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pteropods are generally deemed suspension-feeding herbivores because of their mucous 
web, but there is also evidence for larger fragments of fast-moving organisms, such as 
tintinnids, in the pteropod gut signifying that the mucus may act more as a trap of larger 
organisms rather than a screen for collecting tiny particles (Hopkins and Torres 1989; 
Gilmer and Harbison 1991; Hunt et al. 2008). A recent study in the California Current 
Ecosystem determined that Limacina helicina could intercept ~1% of carbon flux per 
each 10 m vertical depth bin (over 10% up to 100 m), revealing their importance in 
consuming sinking particles that would otherwise enter into the deep ocean (Stukel et al. 
2019). The food content of Limacina spp. has only been described from a few qualitative 
analyses of gut contents and only four studies have analyzed gut content of thecosome 
pteropods in the Southern Ocean (Hunt et al. 2008). Based on these analyses, guts mainly 
contained phytoplankton and small protozoa (Lalli and Gilmer 1989). While microscopy, 
fatty acid and isotopic techniques are useful methods, there are limitations including lack 
of specificity in the prey community (e.g., stable isotopes), difficult identification of 
smaller cells, and breakage of fragile cells (e.g., microscopy). High-throughput 
sequencing has recently increased the identification of prokaryote and eukaryote 
communities throughout the Southern Ocean (Luria et al. 2014, 2016; Bowman et al. 
2017; Lin et al. 2017). The advancement in molecular techniques has also enabled the 
determinization of zooplankton microbiomes (host bacterial community) and gut contents 





Pteropods as bioindicators of climate change 
Since the aragonitic shells of thecosome pteropods are vulnerable to dissolution 
under OA conditions, they recently have been heralded as bioindicators of ecosystem 
health (Orr et al. 2005; Bednaršek et al. 2014; Manno et al. 2017). Indeed shell 
dissolution of live pteropods has been reported in the Scotia Sea (Bednaršek et al. 2012b) 
as well as poorly developed L. h. antarctica offspring and high larval mortality with 
undersaturated aragonite (Ωar) and higher temperature in the same region (Manno et al. 
2016; Gardner et al. 2018). Metabolic shifts in zooplankton are also suggested to be 
important predictors of zooplankton to climate change, particularly in response to thermal 
thresholds, food availability, and OA (Steinberg and Landry 2017). Within the Southern 
Ocean, most studies of pteropod metabolism have been conducted in the Ross Sea, a 
region with increasing sea ice coverage, and results have shown mixed effects of 
environmental stressors on pteropod metabolism (Hobbs et al. 2016). Seibel et al. (2012) 
found increases in pCO2 suppressed L. h. antarctica respiration, while Hoshijima et al. 
(2017) reported combined higher pCO2 and temperature conditions increased L. h. 
antarctica respiration. Despite the future threat of OA for WAP pteropods, the WAP is 
currently not undersaturated with aragonite (Hauri et al. 2015), consequently pteropods 
may at present be more directly influenced by warming and changing food availability 
(Montes-Hugo et al. 2009), particularly during the summer months, but no studies have 





Structure of Dissertation 
This dissertation examines the biogeography, phenology, population dynamics, 
and physiology of pteropods along the WAP and the effects of long-term environmental 
change on these processes. Parameterizing these aspects of pteropod ecology provides 
key information needed to utilize pteropods as bioindicators of climate change in the 
Southern Ocean. All data were collected as part of the Palmer Antarctica Long Term 
Ecological Research (PAL LTER) program, an interdisciplinary project studying the 
long-term effects of climate change on the pelagic ecosystem west of the Antarctica 
Peninsula.  
This dissertation is separated into four main chapters, examining long-term trends 
in pteropod biogeography and life history along the WAP in chapters 2 and 3, and 
environmental controls on pteropod physiology and feeding ecology in chapters 4 and 5. 
This dissertation utilizes the longest continuous pteropod time series in the Southern 
Ocean and is one of the few studies worldwide to examine year-round pteropod 
population dynamics using long-term time series. Additionally, the work includes novel 
measurements of pteropod excretion under shifting temperature and food conditions and 
is the first to determine pteropod gut contents and microbiome with high-throughput 
sequencing techniques.  
Chapter 1 – Introduction to dissertation. 
Chapter 2 – utilizes a long-term time series (1993-2017) collected as part of the PAL 
LTER to determine environmental controls on pteropod abundance and distribution 
throughout the WAP. Published in Limnology & Oceanography as Thibodeau et al. 
(2019). 
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Chapter 3 – applies a long-term sediment trap time series (2004-2018), collected as part 
of the PAL LTER, to determine pteropod population dynamics and phenology and how 
these metrics may be affected by climate change in the WAP. 
Chapter 4 – experimentally measures pteropod metabolic responses to changing 
temperature and food conditions to determine how these environmental controls may 
influence the contribution of pteropods to biogeochemical cycling and help predict future 
effects of climate change on WAP pteropods.  
Chapter 5 – utilizes high-throughput sequencing to analyze pteropod gut contents and 
microbiome at unprecedented taxonomic resolution to examine pteropod feeding ecology.  
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 Pteropods are abundant zooplankton in the Western Antarctic Peninsula (WAP) 
and important grazers of phytoplankton and prey for higher trophic levels. We analyzed 
long-term (1993-2017) trends in summer (January-February) abundance of WAP 
pteropods in relation to environmental controls (sea ice, sea surface temperature, climate 
indices, phytoplankton biomass and productivity, and carbonate chemistry) and 
interspecies dynamics using General Linear Models. There was no overall directional 
trend in abundance of thecosomes, Limacina helicina antarctica and Clio pyramidata, 
throughout the entire WAP region, although L. h. antarctica abundance increased in the 
slope region and C. pyramidata abundance increased in the south. High L. h. antarctica 
abundance was strongly tied to a negative Multivariate El Niño Southern Oscillation 
Index the previous year. C. pyramidata abundance was best explained by early sea ice 
retreat 1-year prior. Abundance of the gymnosome species, Clione limacina antarctica 
and Spongiobranchaea australis, increased over the time series, particularly in the slope 
region. Gymnosome abundance was positively influenced by abundance of their prey, L. 
h. antarctica, during the same season, and late sea ice advance 2-years prior. These trends 
indicate a shorter ice season promotes longer open water in spring/summer favoring all 
pteropod species. Weak relationships were found between pteropod abundance and 
carbonate chemistry, and no detectable long-term trend in carbonate parameters was 
detected. These factors indicate ocean acidification is not presently a factor influencing 
WAP pteropod abundance. Pteropods are responsive to the considerable environmental 
variability on both temporal and spatial scales--key for predicting future effects of 
climate change on regional carbon cycling and plankton trophic interactions.  
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 1. INTRODUCTION 
Pteropods (pelagic snails) are ubiquitous zooplankton and act as important 
indicators of ecosystem health, prey for high trophic organisms, grazers of 
phytoplankton, and major contributors of organic and inorganic carbon flux (Foster et al. 
1987; Pakhomov et al. 1996; Giraldo et al. 2011; Manno et al. 2017). Both the 
thecosomes, shelled holoplanktonic snails, and gymnosomes, non-shelled holoplanktonic 
snails, play important roles in pelagic food webs and carbon cycling. Pteropods are 
common components in the diets of carnivorous zooplankton, fish, such as cod, salmon, 
and herring, and sea birds in many regions including the Antarctic and Pacific Northwest 
(Hopkins 1987; Pakhomov et al. 1996; Hunt et al. 2008; Giraldo et al. 2011; Sturdevant 
et al. 2012). All pteropods influence carbon cycling via their grazing and predation and 
subsequent fecal pellet production. Additionally, thecosomes via production of mucous 
feeding webs which aggregate and export particulate organic matter (Gilmer and 
Harbison 1986; Lalli and Gilmer 1989; Bernard and Froneman 2003; Hunt et al. 2008; 
Bernard et al. 2012; Manno et al. 2017). Thecosome pteropods and larval gymnosomes, 
also contribute to carbon cycling through the sinking and dissolution of their aragonitic 
shells, which results in the release of carbonate ions that dissolve into ocean water and 
affect the inorganic carbon pump (Lalli and Gilmer 1989; Howard et al. 2011; Manno et 
al. 2017). It is estimated that global pteropod biomass is approximately 500 Tg C and 
thecosomes contribute between 20 to 40% of the global carbonate production and at least 
12% of the total carbonate flux (Bednaršek et al. 2013). The carbonate balance may be 
disrupted or shifted by ocean acidification (OA), the anthropogenic addition of carbon 
dioxide to seawater (Doney et al. 2009; Le Quéré et al. 2015). Thecosome pteropods are 
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considered sentinel indicators of ocean acidification due to the vulnerability of their 
aragonitic shells dissolving under increasingly acidic conditions from a changing climate 
(Orr et al. 2005; Bednaršek et al. 2014; Manno et al. 2017). Other potential effects of 
climate change on pteropods, particularly in polar oceans, include sea surface 
temperature increases and sea ice decline (Mackey et al. 2012; Steinberg et al. 2015; 
Suprenand et al. 2015a). 
The Western Antarctic Peninsula (WAP) is a region of rapid climate change, with 
annual mean midwinter air temperature increasing 7°C (from -12°C to 5°C) since 1950 
(Vaughan et al. 2003; Ducklow et al. 2012a). Regional warming and increases in winds 
led to a long-term decrease in sea ice in the WAP, with a later sea ice advance and earlier 
retreat, causing a three- month decrease in the sea ice season since 1990 (Stammerjohn et 
al. 2012, 2015). Since ~2008, the WAP has experienced relatively cooler conditions and 
longer ice seasons, a short-term trend reversal which has slightly weakened the long-term 
trends of rapid warming and shorter ice seasons (Schofield et al. 2017). Interannual 
variability and long-term patterns in sea ice advance, retreat, and cover are affected by 
the Southern Annular Mode (SAM) and El Niño Southern Oscillation (ENSO) through 
the strengthening of meridional winds during spring to autumn that affects the timing of 
sea ice trends (Stammerjohn et al., 2008, 2012). In contrast to the slight weakening of 
warming trends along the mid-WAP region, a recent analysis indicates a moderate 
cooling (-0.47 ± 0.25 dec-1) period for the northern WAP region from approximately 
1999-2014, which is consistent with the high decadal-scale variability that the Southern 
Ocean climate naturally exhibits. Nonetheless, climate model simulations indicate an 
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anthropogenic warming signal in WAP climate since at least the last 50 years (Turner et 
al. 2016).  
The thecosome Limacina helicina antarctica is one of the most abundant 
macrozooplankton species along the WAP, (Ross et al. 2008; Steinberg et al. 2015) and is 
an important grazer of phytoplankton in the Southern Ocean (Bernard and Froneman 
2003; Bernard et al. 2012). The gymnosome species, Clione limacina antarctica and 
Spongiobranchaea australis, are the only two non-shelled pteropods in the WAP and 
feed exclusively on thecosomes, particularly L. h. antarctica (van der Spoel 1967; 
Boltovskoy 1974; Lalli and Gilmer 1989; van der Spoel and Dadon 1999). Rates 
available for Clione spp. indicate they ingest a single thecosome within 2-45 minutes 
(Conover and Lalli 1972). The population dynamics of these groups are inherently linked 
through this predator-prey relationship (Seibel and Dierssen 2003). The thecosome Clio 
pyramidata is the largest of the pteropods present along the WAP, although in relatively 
smaller abundances (van der Spoel 1967). Both L. h. antarctica and C. pyramidata are 
known to have some of the highest ingestion rates recorded for Southern Ocean 
zooplankton (Hunt et al. 2008). 
Prior studies in the Antarctic and elsewhere indicate a variety of climate and 
environmental controls on pteropod regional abundance and distribution (Beaugrand et 
al. 2012; Mackas and Galbraith 2012; Loeb and Santora 2013; Howes et al. 2015; 
Steinberg et al. 2015; Burridge et al. 2017). In the WAP, strong La Niña years, in 
combination with a positive Southern Annual Mode (SAM), produce negative sea level 
pressure and subsequent anomalously strong winds from the North, particularly in the 
spring. These winds influence the position of basin-scale water masses and produce 
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earlier (wind-driven) ice-edge retreats, the latter also facilitating warmer ice-free 
conditions in spring-summer that favor higher abundances of the thecosome pteropod L. 
h. antarctica (Ross et al. 2008; Steinberg et al. 2015). Strong La Niña years in 
combination with increasingly ice-free regions of the WAP have been suggested to lead 
to a range expansion and increasing abundance of L. h. antarctica in the southern WAP 
(Steinberg et al. 2015).  
Pteropod abundance patterns have been noted to track similar patterns of water 
mass distributions (Fager and McGowan 1963; Gallager et al. 1996), and Loeb and 
Santora (2013) suggest higher L. h. antarctica abundance in the North Peninsula region 
resulting from increased primary productivity stimulated by water masses intruding from 
the Antarctic Circumpolar Current. The aragonitic composition of the pteropod calcium 
carbonate (CaCO3) shells makes them particularly vulnerable to OA through shell 
dissolution (Orr et al. 2005; Lischka et al. 2011; Bednaršek et al. 2012b; Comeau et al. 
2012; Busch et al. 2014). Bednaršek et al. (2014) showed regions along coastal California 
in which aragonite undersaturation ([Ca2+][CO3
2-]/K’sp < 1, where K’sp is the apparent 
thermodynamic solubility product of CaCO3), a metric for indicating carbonate ion 
concentration and OA, corresponded to high pteropod shell dissolution. Thus, OA is 
another environmental factor potentially affecting their abundance. However, warming 
water temperatures outweighed the effects of OA on pteropod abundance in the Pacific 
northwest as shown by time-series (1960-2009) analysis as well as in the Mediterranean 
(Beaugrand et al. 2012; Howes et al. 2015). While a number of studies document the 
effect of OA on pteropod physiology and shell condition, the importance of carbonate 
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chemistry as a control on pteropod distribution has not yet been examined in the Southern 
Ocean.  
This study builds upon previous analyses of WAP pteropod biogeography and 
long-term abundance trends by examining environmental factors that influence 
abundance of the major pteropod species along the mid-WAP over the last 25 years 
(1993-2017). We report long-term trends of all major WAP pteropod taxa in relation to a 
variety of environmental or ecological controls ranging from sea surface temperature, to 
sea ice timing and duration, to predator-prey interactions. This research also represents 
the first comparison of long-term carbonate chemistry data to pteropod abundance in the 
Southern Ocean, which could identify potential OA effects. These results will aid in 
predicting future shifts in pteropods due to effects of climate change and OA, and the 
consequences of these shifts on the role of pteropods in biogeochemical cycling and 




2.1 Study region 
 The Palmer, Antarctica Long Term Ecological Time Series ( PAL LTER) study 
region is located along the middle of the Western Antarctic Peninsula, bounded by 
Palmer Station, Anvers Island (64.77°S, 64.05°W) in the north and Charcot Island 
(69.45°S, 75.15°W) approximately 700 km to the south, and from the Peninsula coast to 
the continental slope 200 km offshore (Ducklow et al., 2007, 2012a,b) (Fig. 1). Sampling 
of grid stations occurred annually during PAL LTER summer research cruises 
(approximately 01 January-10 February) aboard the MV Polar Duke (1993-1997) and 
ARSV Laurence M. Gould (1998-present). Grid lines are spaced 100 km apart 
perpendicular to the WAP, with stations spaced 20 km apart along each grid line (Waters 
and Smith 1992). Each station was sampled at least once per sampling season. Before 
2009, zooplankton were collected from all stations from lines 600 to 200. Line 100 was 
sampled in 2007 and 2008 but regular sampling of the far south stations (lines 100, 000, 
and -100) were not incorporated into the sampling grid until 2009. At this same time, the 
expansion of the gridlines further south enabled the PAL LTER to include a region with 
longer sea ice duration and extent but resulted in decreased sampling intensity per line 
throughout the grid (from ~10 sampling stations per line to ~3). For most analyses, either 
the entire grid (‘Full Grid’) was considered, or the grid was divided into latitudinal sub-
regions based on hydrographic and sea ice conditions as in Steinberg et al. (2015): 
‘North’ (lines 600, 500, and 400), ‘South’ (lines 300 and 200), and ‘Far South’ (100, 000, 
and -100) (Fig. 1). For the general linear model and other analyses as appropriate, the 
‘South’ and ‘Far South’ data were combined into ‘South+’ (lines 300, 200, 100, 000, and 
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-100), and included the coast-shelf-slope (on to offshore) gradient as defined by 
Martinson et al. (2008). To assign regions for samples not collected at a standard grid 
station, sampling locations were rounded to the nearest standard 100 km grid line and 20 
km grid station.  
 
2.2 Pteropod collection and sampling 
Pteropod and all other macrozooplankton collection were performed with a 2-m 
square frame Metro net (700-µm mesh), towed obliquely to depths of ~120 m (Ross et al. 
2008; Steinberg et al 2015). Net depth was determined real time with a depth sensor 
attached to the bottom of a conducting wire and verified with a temperature-depth 
recorder. A General Oceanics flow meter oriented in the center of the net mouth was used 
to calculate volume filtered. Pteropods, in addition to the rest of the whole catch, were 
sorted by species, subspecies on board, and the abundance and total biovolume (of fresh, 
unpreserved animals) of each species was determined. We analyzed data for the four 
major pteropod species identified in the time series: thecosomes Limacina helicina 
antarctica and Clio pyramidata, and gymnosomes Clione limacina antarctica and 
Spongiobranchaea australis (van der Spoel and Dadon 1999; Ross et al. 2008). 
Abundances of the latter two species were combined (hereafter “gymnosomes”) due to 
inconsistency earlier in the time series (1993-2008) where S. australis and C. l. antarctica 
were only identified to order level rather than species. Identification of C. pyramidata did 
not begin until 2004, therefore we refer to long-term trends in C. pyramidata abundance 
from 2004-2017 only. We present our analyses only as abundance data, as trends in 
biovolume closely mirrored that of abundance for all pteropods.  
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Effects of day vs. night sampling (i.e., potentially higher densities in surface 
waters at night due to diel vertical migration-DVM) on results were examined using the 
approach described in Steinberg et al. (2015). Sun elevation at the time and location of 
each tow (Meeus 1998) was determined with night defined at a sun elevation of 
 ≤ -0.833°. Night densities (n=250 tows) were compared to day (n=1056 tows) 
(Wilcoxon test, p < 0.05), and the mean night:day ratio (N:D) was determined for each 
pteropod species with significantly higher night density than day. These species included 
L. h. antarctica (N:D=1.4) and gymnosomes (N:D=1.4) but not C. pyramidata. The lack 
of a N:D ratio greater than one may be due to the general low abundance of C. 
pyramidata in our night tows relative to high number of day tows since our sampling 
period occurs during a time of almost 24 hour daylight. Since there were more day than 
night tows, night abundance values were corrected (reduced) by dividing them by the 
N:D ratio to calculate a diel-corrected abundance (Mackas et al. 2001).  
 
2.3 Environmental parameters and climate indices 
 Considered environmental factors affecting pteropod abundance include: 
phytoplankton biomass (chlorophyll a; chl a) and primary production (PP), carbonate 
chemistry, sea-surface temperature (SST), sea ice cover, and climate indices. Chl a, PP, 
dissolved inorganic carbon (DIC) and total alkalinity (TA) were measured at each station 
from samples taken within the euphotic zone, as described in Vernet et al. (2008), 
Ducklow et al. (2012a, 2012b), Hauri et al. (2015), and Steinberg et al. (2015). Discrete 
measurements of chl a were integrated to 100 m, and PP to the deepest PP measurement 
(i.e., bottom of the euphotic zone). Carbonate chemistry variables including calculated 
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pH measured on the total scale and saturation state for aragonite (Ωar) were determined 
from DIC, TA, and temperature, salinity, phosphate, silicate, and pressure using the 
CO2SYS MATLAB version (Van Heuven et al. 2011) and as described in Hauri et al. 
(2015). SST was determined by the NOAA optimal interpolation (OI) sea surface 
temperature analysis (version OI.v2) using in situ and satellite SSTs as well as SSTs 
simulated by sea ice cover (Reynolds et al. 2002). These data are located at 
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.Reyn
_SmithOIv2/. SST was averaged over the entire PAL LTER grid and for the sub-regions 
such that ‘North’ was within 200 km south and west of Anvers Island, ‘South’ was within 
200 km south and west of Avian Island, and ‘Far South’ was within 200 km west of 
Alexander Island (Fig. 1). Monthly data were used to determine annual and seasonal 
means as follows: spring (Sept-Oct-Nov), summer (Dec-Jan-Feb), and fall (Mar-Apr-
May). There were no winter SST data due to ice cover. SST concomitant with the time of 
zooplankton sampling in January was also determined.  
 Sea ice parameters included extent, area, duration, date of advance, date of retreat, 
and number of ice days. These data were derived from satellite imagery (Scanning 
Multichannel Microwave Radiometer and Special Sensor Microwave/Imager; SMMR-
SSM/I) as described in Stammerjohn et al. (2008a). SMMR-SSM/I sea ice concentration 
data were from the Earth Observing System Distributed Active Archive Center at the 
National Snow and Ice Data Center, University of Colorado (http://nsidc.org). ‘Sea ice 
extent’ is the total area within the sea ice edge, and ‘sea ice area’ is the ocean area 
covered by sea ice that excludes open areas inside the ice edge (both in km2). Annual ‘ice 
season duration’ is the number of days between when sea ice first appears in the fall 
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(advance) and last appears in the spring (retreat). ‘Sea ice days’ are the number of days 
between the day of advance and retreat when ice concentration remained above 15% 
(Stammerjohn et al. 2008a). Sea ice parameters were averaged over the whole PAL 
LTER grid as well as sub-regions as described for SST above. All the above data in the 
analyses are available at: 
http://oceaninformatics.ucsd.edu/datazoo/data/pallterlter/datasets. 
 The relationship between pteropod taxon abundance and climate indices known to 
influence the pelagic Antarctic Peninsula region was analyzed (Ross et al. 2008; 
Stammerjohn et al. 2008b; Loeb and Santora 2013; Saba et al. 2014; Steinberg et al. 
2015). These indices include the El Niño/Southern Oscillation (ENSO) indicator based on 
sea surface temperature (referred to as the Multivariate ENSO Index (MEI)) 
(http://www.esrl.noaa.gov/psd/people/klaus.wolterlter/MEI/) and the Southern Annular 
Mode (SAM) (http://www.antarctica.ac.uk/met/gjma/sam.html) index based on sea level 
pressure. These climate indices are seasonally adjusted (e.g., Hurrell 1995). Annual 
climate indices were averaged over the entire PAL LTER grid and for the sub-regions as 
described for SST and sea ice above.  
 In order to test relationships between pteropod taxon abundance and 
environmental forcing concurrent with the time of our summer (Jan/Feb) cruise sampling 
we lagged the data with zero, one, and two year lags. The ‘summer’ sampling season 
spans two calendar years (e.g., Dec 2016, Jan 2017, and Feb 2017) when sampling 
zooplankton as well as measurements for chl a, PP, carbonate chemistry, SST, and 
climate indices. Therefore, the calendar year for the end of the summer sampling season 
was used to define the lag for these parameters. For example, a significant relationship 
 37 
between L. h. antarctica abundance in Jan. 2017 and a 1-year lag in SST would indicate 
that variation in L. h. antarctica abundance was affected by summer SST in 2016 (mean 
of Dec 2016, Jan 2017, and Feb 2017). In contrast, a 1-year lag in sea ice extent would 
indicate that sea ice extent in the winter of 2016 affected L. h. antarctica abundance the 
following January 2017. 
 
2.4 Anomaly calculation 
 Anomalies are a useful unitless ratio to transform data for comparison of 
interannual trends across a variety of plankton and other hydrographic variables, each 
with different measurement units and sampling frequencies (Wiebe et al. 2016). The 
abundance anomaly (𝐴𝑦
′ ) for each pteropod taxon and year in the time series was 
calculated using the following formula:  
𝐴𝑦
′ = 𝑙𝑜𝑔10[𝐴𝑦̅̅ ̅̅ ̅ ⁄ ?̅?] 
where 𝐴𝑦̅̅̅̅  is the mean abundance for year y, and ?̅? is the mean of the yearly means 
(O’Brien et al. 2011; Steinberg et al. 2015; Wiebe et al. 2016). Anomalies were 
calculated for the entire grid and separately for different sub-regions. The relative 
magnitude of each annual anomaly was only compared with others of the same pteropod 
taxon within the same sub-region. Annual summer-time anomalies for chl a, PP, 
carbonate chemistry, SST, and annual anomalies for sea ice parameters were calculated in 
the same way as pteropod taxon abundance anomalies. Climate indices are already in 




2.5 Regional comparison 
A three-way ANOVA, with data in annual anomaly form, was used to determine 
differences in regional abundance for each pteropod taxon, as well as broad-scale 
differences in taxon abundance between the first (1993-2005) and second (2006-2017) 
halves of the time series (North/South+ x coast/shelf/slope x early/late time series). To 
assess if the recent long-term cooling effect along the WAP since 2008 has affected 
pteropod abundances, a three-way ANOVA partitioning the time series into the first 
(1993-2001), second (2002-2010), and third (2011-2017) periods (Schofield et al. 2017). 
Multiple comparisons were adjusted with a Tukey correction. Note C. pyramidata was 
not recorded as a separate category in the time series until 2004.  
 
2.6 Comparison of environmental parameters, climate indices, and between 
pteropod taxa 
 
General Linear Models (GLMs), with data in annual anomaly form for the Full 
Grid, were developed to explore the effects of covariates on abundance of different 
pteropod taxa. The covariates included annual chl a, PP, SST, carbonate chemistry, the 
six ice variables, two climate indices as well as L. h. antarctica abundance anomaly (for 
gymnosome model only). The data met all assumptions of multiple linear regression 
including homogeneity of variance, normally distributed data, fixed predictors, no multi-
collinearity among predictors. Covariates from the GLMs were assessed for outlying and 
influential observations, collinearity, and normality of residuals. Positive autocorrelation 
was tested with the Durbin-Watson test (Neter et al. 1996). Chosen covariates in the 
models were based a priori hypotheses about how those covariates affect pteropod 
abundance. Climate indices (MEI and SAM) and sea ice parameters were chosen as 
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covariates in models because Steinberg et al. (2015) found strong La Niña years in 
combination with increasingly ice-free regions of the WAP, corresponded with long-term 
increases in L. h. antarctica abundance in the southern WAP. Chl a and PP were used in 
model building because Loeb and Santora (2013) suggest higher L. h. antarctica 
abundance in the North Peninsula region resulted from increased primary productivity. 
Carbonate chemistry parameters were used to develop models because many studies have 
indicated pteropods are particularly susceptible to OA conditions through shell 
dissolution and metabolism suppression (Bednarsek et al. 2012, Maas et al. 2012, Seibel 
et al. 2011). The final best fitting model for each taxon was identified based on the 
highest adjusted R2 value (Quinn and Keough 2002). Individual regressions were 
determined for environmental variables, and climate indices (annual anomaly form) 
against abundance of each pteropod taxon. Comparisons between pteropod taxa were also 
analyzed with individual regression. Significance for all statistical analyses was 
determined at α=0.05. All analyses were performed in R statistical framework version 






3.1 Climatology of pteropod abundance and distribution  
 L. h. antarctica was the most abundant pteropod in the WAP region followed by 
the gymnosomes (mean of 63 and 1.5 ind. 1000 m-3, respectively) and then C. pyramidata 
(0.3 ind. 1000 m-3; Table 1). Maximum abundances for all pteropod taxa were 2-3 orders 
of magnitude higher than the mean (Table 1). The highest densities of L. h. antarctica 
and gymnosomes occurred in the slope region (Table 1, Fig. 2). L. h. antarctica mean 
abundance was similar North to South but progressively increased from coast to shelf to 
slope (Table 1, Fig. 2a). On average, the highest abundance for any species and sub-
region was for L. h. antarctica in the North slope (p < 0.001, ANOVA, Table 1). The 
gymnosomes followed a similar distribution pattern to L. h. antarctica, with highest mean 
abundance in the slope region (p < 0.001, ANOVA; Table 1) and no North to South 
gradient change in abundance (Table 1, Fig. 2b). Although both L. h. antarctica and 
gymnosome abundance progressively increased from coast to slope, there were some 
coastal stations with high mean abundance along the 500 line and in the Far South region 
(Fig. 2a, b). C. pyramidata was the least abundant pteropod with consistently low 
densities throughout the WAP (Table 1). In contrast to L. h. antarctica and gymnosomes, 
C. pyramidata did not exhibit a strong coast to slope density gradient but instead an 
increase in abundance from North to South (p = 0.009, ANOVA; Table 1; Fig. 2c) with 





3.2 Long-term changes in pteropod abundance and distribution  
Overall, throughout the WAP region (Full Grid), thecosomes L. h. antarctica and 
C. pyramidata abundances oscillated throughout the time series with no long-term 
directional change (p > 0.05, ANOVA), while gymnosome abundance anomalies 
increased (p < 0.001, ANOVA) linearly over 1993-2017 (p = 0.007, r2 = 0.27) (Fig. 3). 
There was no significant difference in thecosome species abundances between the mid 
(2002-2010) to late (2011-2017) time periods of the time series in relation to the recent 
increase in sea ice since 2008 (p > 0.05, ANOVA). Gymnosomes exhibited a decrease in 
mean abundance from the mid to late period that was significant (p = 0.03, ANOVA). 
High positive anomalies of L. h. antarctica usually occurred every ~6-7 years, although 
spectral analysis revealed this apparent periodicity was not significant (p > 0.05, Bartlett's 
Kolmogorov–Smirnov statistic; Fuller 1996). The most negative L. h. antarctica anomaly 
occurred in 1998 and the most positive in 2011 (Fig. 3a). A marked switch from negative 
to positive anomalies occurred in 2008 for L. h. antarctica and gymnosomes (Fig. 3a,b), 
and 2008 was also the most positive anomaly year for C. pyramidata (Fig. 3c). The 
switch was particularly marked for gymnosomes–with the only prior positive anomaly 
before this time in 2002–and abundance anomalies remained positive through the second 
half of the time series with one exception (2016). C. pyramidata abundance anomalies 
were largely positive from 2006-2012, negative from 2013-2016, and switched back to 
positive in 2017 (Fig. 3c).  
Abundance anomalies for all three taxa in the latitudinal sub-regions along the 
North to South gradient of the WAP largely mirrored those of the Full Grid, but some 
differences between sub-regions were apparent. Oscillating periods of negative and 
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positive anomalies of L. h. antarctica were most prevalent in the North, and a period of 
strong positive anomalies from 2008-2012 occurred in the South (Fig. 4a). In 2007 a 
strong negative anomaly in L. h. antarctica occurred in the Far South that was not 
reflected in the North or South; in contrast, a strong positive anomaly in 2011 occurred in 
all three latitudinal sub-regions. The long-term increase in gymnosomes was significant 
in each sub-region (North: p = 0.002, r2 = 0.3; South: p = 0.001, r2 = 0.34; Far South: p = 
0.02, r2 = 0.37; Fig. 4b). While gymnosome anomalies in the North and South sub-
regions switched from negative to positive in 2008, the switch occurred 3-years later in 
the Far South (Fig. 4b). Some differences between sub-regions in patterns of C. 
pyramidata abundance anomalies occurred, including at the end of the time series with a 
switch in the North between a period of positive and negative anomalies (2011-2017) vs. 
in the South where anomalies remained negative after 2012 (Fig. 4c). 
Pteropod abundance increases were strongest along the WAP slope as well as in 
the South region. L. h. antarctica abundance anomalies oscillated between positive and 
negative in the coast and shelf, and significantly increased over time in the slope region 
(p = 0.04, r2 = 0.12) (Fig. 5a). The largest positive anomaly in L. h. antarctica occurred in 
2011 in all regions, and the strongest negative anomaly was in 1998 in the shelf and 
slope. A significant long-term increase in gymnosomes occurred in the shelf and slope 
regions (shelf: p = 0.01, r2 = 0.18, slope: p < 0.01, r2 = 0.63) but not the coast (Fig. 5b). 
However, the switch from negative to positive anomalies in 2008 described above was 
apparent in all three sub-regions (Fig. 5b). Strong positive gymnosome anomalies 
occurred consistently throughout the slope region (2008-2015) with the strongest positive 
anomaly in 2009. C. pyramidata followed a similar trend to L. h. antarctica with an 
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oscillating pattern in abundance anomalies, although there were no long-term directional 
trends in any region (Fig. 5c).  
 
3.3 Environmental and climate influences on pteropod abundance 
The best fitting GLM indicated that the MEI index was the best parameter for 
predicting L. h. antarctica variability (Table 2). SAM (1-year lag), SST (1-year lag), sea 
ice advance (2-year lag), and aragonite saturation (1-year lag) were also important but not 
statistically significant parameters in the model. We note that sea ice advance (1-year lag) 
was negatively correlated with MEI (1-year lag) (r2 = 0.52, Pearson) and therefore could 
not be included in the same model (see also below). The best fitting model for 
gymnosomes indicated L. h. antarctica abundance (no lag) and later sea ice advance (2-
year lag) as important parameters in predicting gymnosome abundance (Table 2). Total 
alkalinity (1-year lag) was also important but not a statistically significant parameter in 
the model. Model results for C. pyramidata indicated sea ice retreat (1-year lag) was the 
most important parameter. Sea ice extent (2-year lag) and SAM also had a significant 
effect on C. pyramidata abundance (p=0.01, p = 0.03 respectively) while aragonite 
saturation did not (Table 2).    
Individual regression relationships between predictors of pteropod abundance 
identified by the GLM or examples of others that were significant are shown in Fig. 6. 
Sea ice was an important predictor, with later sea ice advance leading to significantly 
higher gymnosome abundance (2 yrs. later) but not to significantly higher L. h. antarctica 
abundance (Fig. 6a). Years of early sea ice retreat also led to significantly higher C. 
pyramidata abundance the following summer (Fig. 6b). L. h. antarctica abundance was 
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significantly negatively related to MEI (Fig. 6c) and positively related to SST (Fig. 6d) 
the year prior. The best fitting GLMs did not identify any carbonate chemistry parameters 
as significant in explaining pteropod abundance, although they accounted for some of the 
variance in all the models of best fit (Table 2). C. pyramidata abundance increased 
linearly with total alkalinity (p = 0.04, r2 = 0.53) (Fig. 7a). L. h. antarctica and C. 
pyramidata increased with aragonite saturation, a potentially strong predictor for shelled 
pteropods in relation to OA, but these relationships were not significant (Fig. 7b,c).   
 
3.4 Pteropod predator-prey and other interspecific dynamics 
Since gymnosomes, C. l. antarctica and S. australis, are known to feed 
exclusively on L. h. antarctica (van der Spoel 1967; Boltovskoy 1974; Lalli and Gilmer 
1989; van der Spoel and Dadon 1999) simple linear regressions were performed for the 
Full Grid with 0, 1, and 2-year lags between predator and prey (i.e., gymnosome 
abundance anomalies in 2017 were regressed against L. h. antarctica and C. pyramidata 
abundance anomalies in 2017, 2016, and 2015). There was a significant positive linear 
relationship between L. h. antarctica vs. gymnosome abundance anomalies in the same 
year (no lag) (Fig. 8a). There were no significant relationships between these two taxa 
using L. h. antarctica lags of 1 and 2-years behind gymnosome abundance, nor between 
gymnosome and C. pyramidata abundance. There was a significant positive correlation 
between the two thecosome pteropod species C. pyramidata and L. h. antarctica in the 




4.1 Long-term and spatial trends in pteropod abundance 
Both the gymnosomes and L. h. antarctica are most abundant offshore in the 
WAP slope region. C. pyramidata mean densities were variable with a high abundance in 
the shelf region along the mid-WAP. The gymnosomes were the only pteropod taxa to 
exhibit long-term increases throughout the full WAP, while L. h. antarctica increased in 
abundance along the slope sub-region–particularly in the North, and C. pyramidata 
abundance increased in the South. Our results differ from those to the north of the PAL 
LTER study region, where there has been no long-term increase in the gymnosomes 
(Loeb and Santora 2013). This increase along the mid-WAP/PAL LTER study region for 
gymnosomes may indicate a range expansion southward for these non-shelled pteropod 
taxa. Although Ross et al. (2008) observed a long-term increase in L. h. antarctica 
abundance in the north shelf sub-region of the WAP, ours and other more recent time-
series analyses no longer indicate a long-term increase in L. h. antarctica over the shelf 
(Steinberg et al. 2015), nor any directional change further to the North (Loeb and Santora 
2013). Our study reveals for the first time in the mid-WAP long-term patterns in C. 
pyramidata, with an oscillating trend in abundance and no long-term directional change, 
similar to the pattern observed north of the PAL LTER study region (Loeb and Santora, 
2013). Our results reveal pteropods are expanding their range in the WAP since the 
observations by Ross et al. (2008) and as projected for other macrozooplankton by 
Mackey et al. (2012), with gymnosomes increasing throughout the entire region while the 
thecosomes exhibit sub-regional increases offshore (L. h. antarctica) and in the South (C. 
pyramidata).   
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4.2 Pteropod abundance in relation to climate indices and sea ice  
L. h. antarctica abundance is primarily controlled by the ENSO cycle, with high 
abundance following years with a negative MEI (La Niña), a result supported by prior 
analyses in the Antarctic Peninsula region (Ross et al. 2008; Loeb and Santora 2013; 
Steinberg et al. 2015). Previous studies emphasize the importance of the 1997 El Niño 
subsequently leading to a strong La Niña in 1999 and high pteropod abundance (Ross et 
al. 2008; Loeb and Santora 2013; Steinberg et al. 2015). This period represents an 
important regime shift within the WAP ecosystem and resulted in a marked switch in 
pteropod abundance from negative to positive anomalies, particularly for L. h. antarctica 
(Ross et al. 2008). We find this same trend repeated in 2010, with a strongly negative 
MEI, followed by a strong positive anomaly for L. h. antarctica in 2011. The year 2010 
was also marked by a positive SAM and high SST–conditions that when combined with a 
negative MEI promote shorter ice seasons and warmer, ice-free spring-summers 
favorable for L. h. antarctica (Steinberg et al. 2015). High positive anomalies of 
gymnosomes and C. pyramidata also followed these low ice, warmer periods, although 
the trend was not as strong as for L. h. antarctica. Conversely, the year 2015 was 
characterized by very high sea ice in addition to a strongly positive MEI and negative 
SST, conditions that resulted in low abundance for all pteropod taxa. These interannual 
changes support the notion of pteropods as bioindicators given their short generation time 
(1-3 years) (Lalli and Gilmer 1989; van der Spoel and Dadon 1999; Bednaršek et al. 
2012c) and subsequent ability to respond relatively quickly to changes in the environment 
(Manno et al. 2017). In the Ross Sea, L. h. antarctica was recently identified to tolerate 
temperatures far higher (up to 14°C) than in their current environment (~0°C) (Hoshijima 
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et al. 2017). This thermal tolerance may explain L. h. antarctica’s positive relationship 
with SST and its expansion into ice-free, generally warmer waters. Additionally, positive 
pteropod anomalies continued to occur post-2008, suggesting pteropods are unaffected by 
the overall rebound in sea ice in the WAP since that time (Schofield et al. 2017). 
Our study indicates that gymnosome pteropod abundance is most strongly 
controlled by L. h. antarctica abundance during the same summer season, which is 
described below (see Pteropod interspecific dynamics). Late sea ice advance (2-years 
prior), indicative of a shorter ice season, was also an important parameter and most likely 
led to the high gymnosome abundance anomaly in 2002 as sea ice advance anomaly was 
strongly positive in 2000. Low total alkalinity accounted for variance in the gymnosome 
model of best fit and may be important through an indirect relationship of primary 
productivity on total alkalinity. The marked switch from negative to positive abundance 
anomalies for gymnosomes in 2008 also corresponded with a period of strong positive 
anomalies in ice advance starting in 2007. A study in the PAL LTER region in late 
summer (March-Apr. 2010) found warmer waters favored the gymnosome S. australis, 
which were more abundant in warm waters influenced by UCDW upwelling near the 
shelf break and may be better physiologically adapted to warmer waters. In contrast, C. l. 
antarctica was more abundant in cold waters associated with the coast (Suprenand et al. 
2015a). However, both gymnosomes species have recorded oxygen consumption rates in 
in waters ~2°C in the WAP indicating their ability to tolerate increasingly sub Antarctic 
conditions (Suprenand et al. 2015b). To the north of the PAL LTER study region, high 
gymnosome abundance corresponded most strongly to a negative MEI in the fall and 
positive SAM during the summer season (Santora and Loeb, 2013), although sea ice and 
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L. h. antarctica abundance were not directly included in that analysis. While SST was not 
an important factor in our analysis, it is worth noting that the two years of high 
gymnosome abundance (2002 and 2008) were both also strongly positive SST years. 
Later sea ice advance may explain long-term increases in gymnosomes offshore and 
elsewhere as they have more time later in the season in open water. Gymnosomes are 
considered physiologic generalists and therefore, tolerant of changes in the ocean 
environment, particularly with advection of warm water masses in increasingly open 
water regions of the WAP (Lalli and Gilmer 1989; Suprenand et al. 2015a). Later sea ice 
advance two years prior may also support gymnosome recruitment. While less is known 
about the life cycle for Antarctic gymnosomes, their Arctic counterpart, Clione limacina, 
has a two-year life cycle (Böer et al. 2006), therefore later sea ice advance and 
subsequently more open water may promote high gymnosome recruitment and high adult 
abundance two years later. Thus, we propose that L. h. antarctica abundance most 
strongly influences gymnosome abundance, while late sea ice advance and warmer 
waters offshore have led to their increase and subsequent expansion.  
C. pyramidata was most strongly controlled by sea ice retreat the year prior, with 
early retreat preceding the highest C. pyramidata abundance anomaly of the time series in 
2008. Other factors, such as positive SAM (2-year lag) and positive sea ice extent (2-year 
lag) were also significant, and in combination with early sea ice retreat, aligned to 
promote the high 2008 abundance anomaly. Correspondingly, a late sea ice retreat from 
2013-2016 was closely associated with low C. pyramidata abundance during this same 
period. Lack of data for C. pyramidata in the Southern Ocean make it difficult to link 
environmental parameters to their physiologic responses and potential mechanisms (Hunt 
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et al. 2008). We posit that like L. h. antarctica, earlier sea ice retreat promotes the 
expansion of C. pyramidata further South and could explain their increased abundance in 
this sub-region. Therefore, early sea ice retreat is the most important covariate for 
predicting C. pyramidata abundance in the future. We recognize that 25-years of 
sampling data is generally limiting for identifying strong trends in environmental 
variables related to pteropod abundance but this dataset represents the longest pteropod 
time-series currently available in the Southern Ocean and data were analyzed 
scrupulously. In addition, as stated above, our results correspond to those found for other 
long-term pteropod times series in the Southern Ocean (Ross et al. 2008, Santora and 
Loeb 2013, Steinberg et al. 2015). 
 
4.3 Carbonate chemistry 
While carbonate chemistry, particularly aragonite saturation, was expected to be 
an indicator of shelled pteropod abundance, there were no strong trends identified in 
relation to any pteropod species. High total alkalinity was positively related to C. 
pyramidata abundance but was not identified as an important parameter in the GLM. This 
relationship may be important through an indirect relationship of primary productivity on 
total alkalinity. OA has been consistently linked to pteropod shell integrity throughout 
the world’s ocean including in the subantarctic region where L. h. antarctica dissolution 
was associated with undersaturated aragonitic upwelling deep water (Bednaršek et al. 
2012b). In regions (other than the Antarctic) currently experiencing pronounced aragonite 
undersaturation, long-term declines in Limacina spp. populations have been identified 
(Bednaršek et al. 2016; Manno et al. 2017). Our study represents the first in the Antarctic 
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to relate long-term trends in carbonate chemistry seawater conditions to L. h. antarctica 
abundance, addressing a gap in data observations connecting biological sampling and 
processes that measure water carbonate chemistry as emphasized in Manno et al. (2017). 
The results from our analysis support the majority of other long-term analyses around the 
globe (Ohman et al. 2009; Beaugrand et al. 2012; Howes et al. 2015) indicating no 
current significant effect of carbonate chemistry parameters (i.e., pH, aragonite 
saturation, dissolved carbon dioxide) on L. h. antarctica abundance. Currently, the WAP 
is not significantly undersaturated with respect to aragonite (Hauri et al. 2015) and other 
environmental factors (e.g., SST and sea ice) are more influential controls of shelled 
pteropod abundance. Given the large spatial and temporal variability of pteropods and 
carbonate parameters in the WAP, and no long-term trend in carbonate parameters 
suggesting OA, even longer time series may be required to detect significant trends 
(Henson et al. 2010). Along the WAP, negative MEI strongly increases L. h. antarctica 
abundance via an earlier ice edge retreat in spring that allows surface waters to warm 
longer, thus leading to favorable high SST for pteropods. SST is also the dominating 
factor controlling Limacina spp. in more temperate regions (Beaugrand et al. 2012; 
Howes et al. 2015), as is chlorophyll a (Ohman et al. 2009). While we show, based on 
our 25-year time series, that shelled pteropod abundance is not related to carbonate 
chemistry conditions indicative of OA, a tipping point may soon be reached as WAP 
waters are projected to experience prolonged seasons of aragonite undersaturation as 
early as 2030 (Hauri et al. 2016). A 25-year time series may not be long enough to fully 
elicit relationships between pteropods and carbonate chemistry but represents the longest 
dataset available in the Southern Ocean. Undersaturation has already been observed 
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during occasional winter seasons along the mid-WAP (Hauri et al. 2015) although 
pteropod abundance in this region are currently not affected by this variability as their 
populations have continued to increase (gymnosomes) or remain stable (thecosomes) . 
Low total alkalinity accounted for variance in the gymnosome model of best fit and may 
be important through an indirect relationship of primary productivity on total alkalinity. 
This study provides important baseline data for all pteropod taxa in the WAP region and 
emphasizes the importance of closely monitoring pteropod abundances and carbonate 
chemistry in the future as OA is projected to become more influential.  
 
4.4 Pteropod interspecific dynamics  
The predator-prey dynamic between the gymnosomes and L. h. antarctica and as 
well as the coupling between L. h. antarctica and C. pyramidata indicate the importance 
in understanding pteropod interspecies relationships when considering pteropod 
biogeography and their contributions to biogeochemical cycling. Our results indicate 
gymnosomes primarily occur offshore following patterns of L. h. antarctica distribution 
during this same year. L. h. antarctica abundance was the strongest predictor of 
gymnosome abundance within the current sampling year. Continued range expansion of 
gymnosomes may increase predation pressure on L. h. antarctica in the future with 
uncertain consequences. L. h. antarctica and C. pyramidata abundance anomalies were 
correlated throughout the WAP, which indicates similar environmental conditions, 
particularly low sea ice, are important controls on both taxa. In addition, none of the best 
fitting models explaining pteropod abundance in our study included chlorophyll a or PP, 
in contrast to the tight trophic coupling Seibel and Dierssen (2003) identified between 
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phytoplankton biomass (Chl a), L. h. antarctica abundance, and subsequent shifts in 
Clione limacina antarctica densities. This may be attributed to differences in sampling 
scale (localized sampling in McMurdo Sound vs. the large PAL LTER sampling grid) as 
well as differences between phytoplankton assemblages, with blooms of Phaeocystis 
antarctica often occurring in the Ross Sea vs. diatoms nearly always dominating in the 





The effects of climate change along the WAP are changing the biogeography of 
pteropods, and shifts in their abundance and distribution have important implications for 
regional carbon cycling and trophic interactions (Steinberg and Landry 2017). Climate 
oscillations leading to warmer conditions and subsequently low sea ice are important 
controls on shelled pteropod abundance, with gymnosomes most directly affected by the 
availability of its prey, L. h. antarctica, as well as later sea ice advance. Thus far 
pteropods appear to be unaffected by recent sea ice increases in the mid-WAP since 
2008, although low pteropod abundances in summer 2016 were clearly reflective of a 
preceding high ice season. L. h. antarctica is an important grazer in the WAP, and future 
climate regimes that favor shorter sea ice seasons and warmer, ice-free spring-summer 
conditions (e.g., La Niñas, positive SAM) may support their increased abundance and 
grazing pressure. Expansion of L. h. antarctica can sustain higher trophic organisms 
including planktivorous fish and may promote the expansion of gymnosomes as well as 
other carnivorous zooplankton (e.g., amphipods) (Steinberg et al. 2015). In addition, 
Limacina spp. shells can contribute greater than 50% of the carbonate flux in the deep 
ocean south of the Polar Front (Hunt et al. 2008) and L. h. antarctica and C. pyramidata 
export flux may intensify with their increasing abundance and expanding range. While 
OA is not presently a major factor influencing WAP pteropod abundance, OA is 
projected to grow in importance in the coming decades adding environmental pressure on 
thecosome shell integrity, physiology and potentially abundance (Bednaršek et al. 2012; 
Seibel et al. 2012; Manno et al. 2017; Steinberg and Landry 2017). IPCC AR4 model 
consensus for future warming is strong throughout the Antarctic (Turner et al. 2009). 
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Therefore, the WAP, which is currently experiencing the most rapid warming in the 
Antarctica, represents a natural laboratory in which gradients of environmental influences 
can act as analogs for predicted future change in other regions of the Antarctic. These 
regions include ecologically relevant ecosystems such as the Ross Sea where L. h. 
antarctica is extremely abundant. Finally, the relatively short life span of pteropods 
enables their use as bioindicators not only for future OA but also current environmental 
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Table 1. Pteropod abundances along the WAP for the entire time series (1993-2017). Mean abundance ± 1 standard deviation (SD) 
and maximum (Max). The minimum abundance for all species was zero. The Full Grid (all stations) and sub-regions are shown. There 
are two latitudinal sub-regions (North and South+; each of which include coast, shelf, and slope stations) and three longitudinal sub-
regions (coast, shelf, and slope; each of which include North and South+ stations). Full Grid (lines -100 to 600), North (lines 400-
600), South+ (lines -100 to 300, entire South region). Coast, shelf, and slope designations see (Figure 1). Data include both day and 
night tows, with night data corrected (see Section 2). Values are calculated across the entire data set (i.e., annual means were not 
calculated first and then averaged for all years). The number of observations, n (in parentheses), is shown for each sub-region, as n 
varies slightly both within and between sub-regions depending on the taxonomic resolution used over the time series for a given 
region and due to sampling stations sampled unequally between each sub-region.  
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Table 2. General Linear Model (GLM) results addressing the effect of environmental, climate, and food on WAP pteropod abundance. 
Explanatory variables and statistical scores obtained from the best model, identified by the highest R2 value, among multiple linear 
regression analyses. Climate indices: SAM, Southern Annular Mode; MEI, Multivariate El Niño Southern Oscillation Index. Test 
statistics include R2, p-values, sample size (n) for the overall model with data presented in anomaly form, the coefficient (slope) for 




Figure 1. Map of the Palmer, Antarctica Long-Term Ecological Research (PAL LTER) 
study region. Study region (highlighted in box) relative to the Antarctica continent. 
Shades of grey illustrate bathymetry, with indicating the continental shelf and dark grey 
the continental slope and abyssal plain. Shelf break is represented by light/dark gray 
interface near 1000 m, extending down to 3000 m (Ducklow et al. 2012). The continental 
shelf is roughly 200 km wide and 430 m deep on average. Canyons that cut into the shelf 
can reach up to 1000 m deep. PAL LTER grid lines are numbered from 600 to -100, with 
the far slope (220) and shelf stations indicated for reference (Waters and Smith, 1992-
need to insert into bib). Grid lines are distanced 100 km apart and individual stations for a 
given grid line are 20 km apart. Horizontal lines delineate the ‘North’, ‘South’, and ‘Far 
South’ sub-regions. Vertical lines indicate the coastal, shelf, and slope sub-regions. All 
region divisions are based on hydrographic and sea-ice conditions (Martinson et al. 2008; 
Stammerjohn et al. 2008). AN: Anvers Island, the location of Palmer Station, MB: 
Marguerite Bay, AL: Adelaide Island, C: Charcot Island.
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Figure 2. Pteropod climatology for the WAP. Log-adjusted mean densities of (a) Limacina helicina antarctica (1993-2017), 
(b) Gymnosomes (1993-2017), and (c) Clio pyramidata (2004-2017). Contours are calculated based on quantiles for the data 




Figure 3. Annual pteropod abundance anomalies for the full WAP grid. (a) Limacina 
helicina antarctica, (b) Gymnosomaes, and (c) Clio pyramidata. Anomalies were 
calculated separately for each species therefore relative height of bars should only be 
compared with others of the same species. Regression line indicates significant linear 
relationship (Gymnosomes: p = 0.007, r2 = 0.27).
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Figure 4. Annual pteropod abundance anomalies along the WAP latitudinal gradient. (a) 
Limacina helicina antarctica, (b) Gymnosomes, and (c) Clio pyramidata. Upper plots 
represent the ‘North’ sub-region (lines 600, 500, and 400), middle plots the ‘South’ (lines 
300 and 200), and bottom plots the ‘Far South’ (lines 100, 000, and -100). Anomalies 
were calculated separately for each species therefore relative height of bars should only 
be compared with others of the same species and sub-region. Regression lines for 
significant linear relationships are shown, regression statistics are as follows: (b) 
(Gymnosomes–North: n=25, p = 0.002, r2 = 0.3; South: n=25, p = 0.001, r2 = 0.34; Far 




Figure 5. Annual pteropod abundance anomalies for the WAP coast-shelf-slope gradient. 
(a) Limacina helicina antarctica, (b) Gymnosomes, and (c) Clio pyramidata. See Fig. 1 
for delineation of coast/shelf/slope sub-regions. Anomalies were calculated separately for 
each species therefore relative height of bars should only be compared with others of the 
same species and sub-region. Regression lines for significant linear relationships are 
shown, regression statistics are as follows: (a) L. h. antarctica–slope: n=25, p = 0.04, r2 = 
0.12; (b) Gymnosomes–shelf: n=25, p = 0.01, r2 = 0.18; slope: n=25, p < 0.01, r2 = 0.63. 
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Figure 6. Effect of environment (sea ice, sub-decadal climate oscillations, and sea 
surface temperature) on pteropod abundance. (a) sea-ice advance vs. Limacina helicina 
antarctica and Gymnosome abundance. (b) sea-ice retreat vs. Clio pyramidata 
abundance. (c) Multivariate ENSO Index (MEI) vs. L. h. antarctica abundance. (d) Sea 
Surface Temperature (SST) vs. L. h. antarctica abundance. Data plotted are annual 
anomalies for each year of the time series (1993-2017) for the full grid.  Sea ice advance 
is lagged 2-years behind pteropod abundance (e.g., 2017 pteropod annual anomaly is 
plotted against 2015 sea ice advance annual anomaly).  MEI and SST are lagged 1-year 
behind L. h. antarctica abundance (e.g., 2017 L. h. antarctica annual anomaly is plotted 
against 2016 MEI). Regression lines for significant linear relationships are shown, 
regression statistics are as follows: (a) sea-ice advance vs. L. h. antarctica (filled-circles) 
and Gymnosomes (empty-circles): n=25, p = 0.003, r2 = 0.30; (b) sea-ice retreat vs. C. 
pyramidata (squares): n=14, p = 0.0003, r2 = 0.64; (c) MEI vs. L. h. antarctica (circles): 




Figure 7. Relationship of thecosome (shelled) pteropod abundance with carbonate 
chemistry parameters, total alkalinity and aragonite saturation (Ωar). (a) Clio pyramidata 
vs. total alkalinity. (b) Limacina helicina antarctica vs. aragonite saturation. (c) C. 
pyramidata vs. aragonite saturation. Data plotted are annual anomalies for each year of 
the time series (L. h. antarctica: 1993-2017; C. pyramidata: 2006-2017) for the Full Grid. 
All carbonate chemistry data are lagged 1-year behind pteropod abundance. Regression 
lines for significant linear relationships are shown, regression statistics are as follows: (a) 
Clio pyramidata (squares) vs. total alkalinity: n=12, p = 0.004, r2 = 0.53); (b) Limacina 
helicina antarctica (circles) vs. aragonite saturation: n=22, p > 0.05; (c) C. pyramidata 




Figure 8. Interspecific relationships between pteropod taxa abundance. (a) L. h. 
antarctica vs. Gymnosomes, (b) L. h. antarctica vs. C. pyramidata. Data are plotted as 
annual abundance anomalies for each year of the time series (1993-2017) for the full grid. 
Gymnosome and C. pyramidata values correspond to the same year L. h. antarctica were 
collected (i.e., no lags). Regression lines for significant linear relationships are shown, 
regression statistics are as follows: (a) L. h. antarctica vs. Gymnosomes: n=25, p < 0.001, 




Figure S1. Average pteropod abundances and biovolumes for the full WAP grid. (a) 
Limacina helicina antarctica, (b) Gymnosomes, and (c) Clio pyramidata. Pteropod 
biovolume data not available for some species prior to 2009, thus reported biovolume data 
are as follows (a) L. h. antarctica (1993, 1995-2017), (b) Gymnosomes (1995-2004, 2009-























Long-term trends in pteropod phenology along the Western Antarctic Peninsula
 77 
ABSTRACT 
Shifts in phenology – annually occurring life history events – have been observed 
among many marine organisms due to global warming. We examined if phenological 
changes in the pteropod (pelagic snail) Limacina helicina antarctica have occurred along 
the Western Antarctic Peninsula, one of the most intensely warming regions on Earth, 
which would have important implications for regional food web dynamics. Pteropod shell 
lengths were analyzed from samples collected in the Palmer, Antarctica Long-Term 
Ecological Research (PAL LTER) program year-round sediment trap from 2004 to 2018. 
There was considerable interannual variability in the time of appearance of a new 
pteropod cohort, which ranged from 22 to 255 day of year, but no long-term, directional 
change in time of appearance or growth rate, with a mean growth rate of 0.009 mm day-1 
for the time series. This study represents the first in the Southern Ocean to illustrate that 
pteropods actively grow throughout the winter season with the most rapid growth (0.01 
mm day-1) occurring during austral spring when chlorophyll a (chl a) is high. Sea ice was 
the dominant driver of pteropod phenology, with earlier sea ice retreat the year prior, 
lower winter sea surface temperature the year prior, and higher PP in the same year 
leading to earlier pteropod time of appearance. Similarly, more open water with higher 
autumn SST, both the year prior, and elevated chl a the same year, promoted faster 
pteropod growth rates. As pteropod life history is strongly controlled by sea ice, SST, and 
phytoplankton production, long-term regional warming in the WAP may change pteropod 
phenology in the future with consequences for the food web and biogeochemical cycling 





Shifts in phenology (i.e., annually occurring life history events) have been 
observed among many marine organisms due to global warming (Edwards and 
Richardson 2004), resulting in regional trophic mismatches and significant impacts on 
local food webs (Edwards and Richardson 2004; Ji et al. 2010; Poloczanska et al. 2013). 
Zooplankton have some of the fastest habitat expansion rates as well as the fastest rates 
of spring advancement of all marine organisms according to a meta-analysis of marine 
phenology studies from 1960-2009 (Poloczanska et al. 2013). However, most time series 
that focus on marine zooplankton phenology have occurred only in the Northern 
Hemisphere (reviewed in Ji et al. 2010), limiting our ability to broadly interpret the 
effects of warming on zooplankton life history. In this study, we examine phenological 
changes in the pteropod (pelagic snail) Limacina helicina antarctica in the Western 
Antarctic Peninsula (WAP), a highly dynamic and productive region of the Southern 
Ocean and one of the most intensely warming regions on Earth (Vaughan et al. 2003; 
Meredith and King 2005). In the past two decades this warming has plateaued, and a 
notable increase in sea ice and its interannual variability has occurred in the coastal WAP 
(Henley et al. 2019). While prior studies in the WAP have examined the effects of both 
long-term warming and sub-decadal-scale climate variability on components of the 
pelagic food web (Montes-Hugo et al. 2009; Ducklow et al. 2012; Schofield et al. 2013; 
Saba et al. 2014; Steinberg et al. 2015), including pteropods (Thibodeau et al. 2019, 
chapter 2), no studies have determined potential phenological shifts of zooplankton due 
to environmental change. 
 79 
The pteropod L. h. antarctica is an abundant zooplankton species in the Southern 
Ocean, efficient grazer of phytoplankton, prey for higher trophic level organisms, and an 
important contributor to the biological pump through fecal pellet production, excretion, 
and sloppy feeding (Pakhomov et al. 1996; Hunt et al. 2008; Giraldo et al. 2011; Gleiber 
et al. 2012; Bernard et al. 2012; Manno et al. 2017; Steinberg and Landry 2017; 
Thibodeau et al. 2019, chapter 2). Shelled pteropods (known as thecosomes) such as L. h. 
antarctica collect sinking particles for feeding by producing a mucous web. This mucus 
contributes to carbon flux through sinking and by forming aggregations with other marine 
detritus that create a microhabitat for microbial activity (Lalli and Gilmer 1989; Steinberg 
and Landry 2017). In addition, shelled pteropods contribute to the solubility pump 
(Manno et al. 2018), through the formation and dissolution of their calcium carbonate 
(CaCO3) shells composed of aragonite, particularly in the Antarctic (Lalli and Gilmer 
1989; Honjo 2004; Honjo et al. 2008; Manno et al. 2018). A recent study by Buitenhuis 
et al. (2019) estimates that shelled pteropods contribute to at least 33% of shallow (100 
m) CaCO3 export and up to 89% of pelagic calcification, which has implications for 
short-term ocean alkalinity cycles and associated CO2 buffering capacity. However, 
thecosomes’ susceptibility to shell dissolution from ocean acidification, caused by the 
uptake of anthropogenic CO2 into the ocean, may disrupt their influence on the solubility 
pump in the future (Lalli and Gilmer 1989; Doney et al. 2009). Along the WAP, L. h. 
antarctica abundances have remained stable and the non-shelled pteropods (known as 
gymnosomes) have increased in abundance over the past 25-years due to a shortening sea 
ice season in that results in longer periods of open water for feeding in spring/summer 
(Thibodeau et al. 2019, chapter 2). The latter study only analyzed adult pteropods 
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sampled during the summer, thus significant effects of environmental controls on earlier 
phases in their life cycle may have been missed. Indeed Limacina spp. phenology is 
poorly documented throughout the world’s oceans and a necessary area of increased 
research, particularly in the Southern Ocean (Hunt et al. 2008; Hoshijima et al. 2017). 
In order to predict the potential effects of climate change on polar species like 
Limacina spp., it is important to characterize their general population dynamics and life 
history patterns, including phenology. Primary methods for measuring phenological 
variability include population size, development, and timing of dormancy (Ji et al. 2010). 
Only a handful of studies globally have determined growth rates of Limacina spp. and 
their time of appearance as related to life history (Hunt et al. 2008; Ji et al. 2010). Results 
from two prior studies using net tows in austral spring/summer determined L. h. 
antarctica grow on average 0.01 mm day-1 and live between 1-3 years (Dadon and De 
Cirdre 1992; Bednaršek et al. 2012b). Studies of pteropod growth rates in the Arctic and 
North Pacific oceans using net tows concluded Limacina spp. generally live 1-2.5 years, 
with growth rates ranging from 0.01 - 0.6 mm day1, depending on the season (Kobayashi 
1974; Fabry 1989; Gannefors et al. 2005; Hunt et al. 2008; Wang et al. 2017).  
Moored sediment traps that sample year-round, typically used to quantify 
seasonal and interannual trends in particulate organic and inorganic carbon (POC/PIC) 
export, can also be a useful tool for analyzing zooplankton population dynamics and 
phenology. For example, Collier et al. (2000) found increased vertical fluxes of L. h. 
antarctica shells collected in sediment traps in the Ross Sea, Antarctica from 1996-1998 
during the late austral fall, concluding that L. h. antarctica may feed in surface waters 
during austral summer but then migrate closer to the trap depth as the ice edge begins to 
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advance in autumn. Howard et al. (2011) observed a contrasting trend in the seasonal flux 
of L. h. antarctica in the Sub-Antarctic Zone near Tasmania, as recorded in a sediment 
trap, with the greatest flux during mid-summer and minimal flux from May to October. 
This trend was corroborated with pteropod water column densities analyzed from a 
Continuous Plankton Recorder (CPR) (Howard et al. 2011). L. h. antarctica shell weight 
became significantly lighter from 1997-2007 based on samples collected in an Antarctic 
sediment trap; however, the study suggests this response is due to multiple factors beyond 
aragonite undersaturation, since there was a greater reduction in calcification than 
expected (Roberts et al. 2014). While these studies provide important information about 
pteropod population dynamics or phenology, none combine the two to elucidate the long-
term effects of environmental factors on pteropod life history.  
In this study, we use shell lengths from L. h. antarctica collected by a sediment 
trap deployed over the WAP continental shelf from 2004-2018 to determine if a shift in 
phenology has occurred due to warming or other shorter-term environmental controls. 
Characterizing pteropod phenology provides needed metrics for modeling population 
dynamics, which is key for understanding the effects of climate variability on WAP food 
















2.1 Sediment trap deployment and retrieval  
L. h. antarctica samples were collected from the Palmer Antarctica Long Term 
Ecological Research (PAL LTER) sediment trap (year-round coverage) 
(https://pal.lternet.edu/data). The conical trap (PARFLUX Mark 78H 21-sample trap, 
McLane Research Labs) is bottom-moored and located over the northern WAP 
continental shelf  (64̊ 30ꞌ S, 66̊ 00ꞌ W) (Fig. 1) (Ducklow et al. 2008). The location of the 
sediment trap is seasonally covered with sea ice 111 ± 8 days (mean ± standard error) per 
year (data from 1979 to 2017, n = 38), with a mean advance in June (Day of Year 157 ± 
31) and a mean retreat in early October (Day of Year 276 ± 34; Ducklow et al. 2012b; 
Gleiber et al. 2012, S. Stammerjohn pers. comm.). 
We analyzed L. h. antarctica collected in sediment trap samples from the most 
recent trap recoveries, January 2004 to January 2018. This time series is continuous 
except for the 2009-2010 season when the trap was not recovered. Trap deployments and 
recoveries were performed aboard the ARSV Laurence M. Gould in January of each year 
on the PAL LTER annual cruises. The deployment site has a bottom depth of 350 m and 
the trap is suspended at 170 m. The trap contains 21 plastic sample bottles that collect 
sequential samples throughout the year at 7 to 60 day intervals, which correspond to 
anticipated seasonal particle flux (Ducklow et al. 2008). During peak particle flux in 
austral summer (November to April), the sample bottles rotate weekly while in the austral 
winter (May to Oct.), intervals are monthly (bimonthly in July-August). There are gaps of 
1-5 days between mooring recovery and deployment depending on the year. The 21 
sample collection bottles on the trap were prepared before deployment with a Milli-Q 
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deionized water (DI) rinse and filled with 7.5 g NaCl l-1 solution and 2% borate-buffered 
formalin in filtered seawater (34 ppt), with a final salinity concentration of 41 ppt 
(Ducklow et al. 2008; Gleiber et al. 2012).  
 
2.2 Sediment trap sampling and analysis of pteropods  
While sediment traps are typically used to measure the export rate of sinking 
particulate organic matter, they are also suitable for studying zooplankton suspected to 
have actively swum into the trap– “swimmers” and died in the formalin (Gilmer and 
Harbison 1986; Steinberg et al. 1998, Buesseler et al. 2007). Shelled pteropods, including 
L. h. antarctica, are particularly susceptible to being caught in sediment traps because 
they are negatively buoyant and rapidly retreat into their shells for protection when 
disturbed, which causes them to sink quickly (Gilmer and Harbison 1986; Honjo et al. 
2008). Zooplankton swimmers were picked from sediment trap samples using established 
protocols (Buesseler et al. 2007), and L. h. antarctica were carefully sorted from other 
pteropod and zooplankton species present. L. h. antarctica shells were analyzed using an 
Olympus SZX12 dissecting scope with an Olympus DP71 digital camera under bright-
field illumination. Digital images were analyzed with Image-Pro Plus© to measure shell 
length. As described by Wang et al. (2017), specimens were measured from the opening 
of the shell aperture directly across the diameter of the shell (Fig. 2) with a measurement 
error of 0.007 ± 0.001 mm. Only shells with body tissue still present (indicating they 
were alive upon swimming into the trap) were measured (Steinberg et al. 1998; Buesseler 
et al. 2007). In order to maintain an adequate and consistent sample size, up to 120 shells 
were randomly selected to analyze from each cup when present, with broken shells 
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subsequently excluded from length analyses. All shell length data collected are available 
through the Palmer LTER long-term dataset (https://pal.lternet.edu/data). 
Size-frequency histograms were then constructed based on the shell lengths 
measured in each cup. The histograms were used to identify time of first appearance of a 
new L. h. antarctica cohort and track seasonal growth throughout the time series, our two 
primary metrics for measuring phenology (Ji et al. 2010). Median shell size for each cup 
of each year was determined to identify potential long-term trends in L. h. antarctica 
growth. Any cups that contained < 10 unbroken L. h. antarctica shells were excluded 
from the analysis. The years 2006, 2008, and 2010 were removed from the growth 
analysis due to low sample size (2006), inability to fit a statistically significant growth 
curve to these data (2008), and failure to recover the sediment trap (2010). Growth of 
juvenile (< 1 mm) and adult (> 1mm) size classes were initially modeled separately 
(Table 1); however, due to insufficient sample size it was difficult to compare across the 
entirety of the time series using this approach. Growth was modeled for each year of the 
time series by fitting linear regression to natural log-transformed median shell lengths 
against day of year. The estimated slope of each linear regression is the modeled growth 
coefficient, which is unitless due to the log-transformation. Thus, growth rates in mm 
day-1 were also determined as described in Bednaršek et al. (2012) by taking the 
maximum and minimum median shell lengths for each year, and dividing by the sampling 
period (i.e., rise over run) to compare with other published Limacina spp. growth rates. 
Time of appearance was determined as the median date during the first sampling interval 
when > 10 unbroken L. h. antarctica shells were present in a cup for a given year. All 
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analyses were performed in R statistical framework version 3.2.4 (R Statistical Core 
Team 2016).  
 
2.3 Net sampling and analysis of pteropods 
L. h. antarctica specimens were opportunistically collected for size analysis 
during the PAL LTER 2018 January offshore cruise and for four months at Palmer 
Station, Anvers Island (November 2017 to February 2018). L. h. antarctica and all other 
macrozooplankton collection on the PAL LTER cruise were performed with a 2 m square 
frame Metro net (700 µm mesh), towed obliquely to a depth of 120 m (Ross et al. 2008; 
Steinberg et al. 2015; Thibodeau et al. 2019, chapter 2). Net depth was determined real 
time with a depth sensor attached to the bottom of a conducting wire and verified with a 
temperature-depth recorder. At Palmer Station, zooplankton were collected with a 1-m x 
1-m square frame Metro net (700 µm mesh) and a 1-m diameter ring net (200 or 500 µm 
mesh), towed obliquely to a depth of ~50 m (J. Conroy pers. comm.). Zooplankton 
sampling at Palmer Station was conducted two days per week from November 2017 to 
March 2018. Zooplankton samples were sorted live in the laboratory at Palmer Station, 
and up to 50 L. h. antarctica shell lengths were measured per net tow. Shell lengths from 
L. h. antarctica collected in the sediment trap were compared to those collected by net at 
other PAL LTER sampling locations during the annual PAL LTER summer research 
cruise and at Palmer Station. All net tow data used for this study are available through the 




2.4 Comparison with environmental parameters and climate indices 
 Environmental factors potentially affecting pteropod phenology included 
phytoplankton biomass (chlorophyll a; chl a), primary production (PP), carbonate 
chemistry, sea surface temperature (SST), sea ice cover, and climate indices as described 
in Steinberg et al. (2015) and Thibodeau et al. (2019). Ship-based measurements were 
collected at each station throughout the entire PAL LTER grid but for the purpose of this 
study were only analyzed in the ‘North’ sub-region that was within 200 km south and 
west of Anvers Island and includes the sediment trap location (Fig. 1). The trap is not 
equipped with additional environmental sensors during deployment, therefore all 
environmental data are only available from cruise, station, and satellite observations. Chl 
a, PP, dissolved inorganic carbon (DIC) and total alkalinity (TA) were measured within 
the mixed layer at each station in the North PAL LTER sampling region during austral 
summer, as described in Vernet et al. (2008), Ducklow et al. (2012a, 2012b), and Hauri et 
al. (2015a), respectively. Discrete measurements of chl a were integrated to 100 m, and 
PP to the deepest PP measurement (i.e., bottom of the euphotic zone). Chl a data were 
available from 2003 to 2017 and PP data from 2003 to 2015. Carbonate chemistry 
variables including calculated pH measured on the total scale and saturation state for 
aragonite (Ωar) were determined from averaged values of DIC, TA, temperature, salinity, 
phosphate, silicate, and pressure collected from the euphotic zone in summer using the 
CO2SYS MATLAB version 4.0.9 (Van Heuven et al. 2011) and as described in Hauri et 
al. (2015a). No TA data were collected in 2003-2004. Year-round SST was determined 
by the NOAA optimal interpolation (OI) sea surface temperature analysis (version OI.v2) 
using in situ and satellite SSTs as well as SSTs simulated by sea ice cover (Reynolds et 
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al. 2002). These data are located at 
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.Reyn
_SmithOIv2/. Monthly data were used to determine annual and seasonal means as 
follows: spring (Sept.-Oct.-Nov.), summer (Dec.-Jan.-Feb.), and fall (Mar.-Apr.-May). 
There were no winter SST data due to ice cover. SST concomitant with the time of trap 
recovery in January was also estimated via OI.  
 Year-round sea ice parameters included extent, area, duration, date of advance, 
date of retreat, number of ice days, and open water area in the North PAL LTER study 
region as described in Thibodeau et al. (2019). Retreat is defined as the last day when sea 
ice concentration falls below 15% of mean summer sea ice extent maximum and 
remained below that threshold for at least five consecutive days (Stammerjohn et al. 
2008b). These data were derived from satellite imagery (Scanning Multichannel 
Microwave Radiometer and Special Sensor Microwave/Imager; SMMR-SSM/I) as 
described in Stammerjohn et al. (2008a). SMMR-SSM/I sea ice concentration data were 
from the Earth Observing System Distributed Active Archive Center at the National 
Snow and Ice Data Center, University of Colorado (http://nsidc.org). All the above data 
in the analyses are available at: https://pal.lternet.edu/data. 
 The relationship between pteropod phenology and climate indices known to 
influence the pelagic Antarctic Peninsula region was analyzed (Ross et al. 2008; 
Stammerjohn et al. 2008b; Loeb and Santora 2013; Saba et al. 2014; Steinberg et al. 
2015, Thibodeau et al. 2019, chapter 2). These indices include the El Niño/Southern 
Oscillation (ENSO) indicator based on sea surface temperature (referred to as the 
Multivariate ENSO Index (MEI) 
 88 
(http://www.esrl.noaa.gov/psd/people/klaus.wolterlter/MEI/) and the Southern Annular 
Mode (SAM) (http://www.antarctica.ac.uk/met/gjma/sam.html) index based on sea level 
pressure. These climate indices are seasonally adjusted (e.g., Hurrell 1995).  
 In order to test relationships between pteropod phenology and environmental 
forcing concurrent with the time of the summer (Jan./Feb.) cruise sampling, we lagged 
the explanatory variables with zero- and one-year lags. The sediment trap sampling 
season spans two calendar years (e.g., Jan. 2016 through Jan. 2017). The calendar year 
for the end of the sediment trap sampling (retrieval) season was used to designate each 
sampling year. Measurements for summer chl a, PP, and carbonate chemistry occur 
during the cruise sampling period in summer (e.g., Jan. 2017, and Feb. 2017) so the 
calendar year for the summer sampling season was used to define the lag for these 
parameters. Satellite SST and climate indices span two calendar years and are averaged 
throughout the year (e.g., Dec. 2016 to Jan. 2017). For example, a significant relationship 
between L. h. antarctica time of appearance in 2017 (trap deployed Jan. 2016, retrieved 
Jan. 2017) and a 1-year lag in summer SST would indicate that variation in L. h. 
antarctica appearance was affected by SST in summer 2015 (mean of Dec. 2014, Jan. 
2015, and Feb 2015). A 1-year lag in sea ice extent would indicate that sea ice extent in 
the spring of 2015 affected L. h. antarctica appearance the following 2017 (e.g., Jan. 
2016 through Jan. 2017). 
 
2.5 Anomaly calculations 
 Annual summer-time anomalies (𝐴𝑦
′ ) for environmental parameters from 2004 to 
2018 were calculated consistently across sampling methods. For parameters that were 
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measured on PAL LTER cruises in the same sampling year (chl a, PP, and carbonate 
chemistry), mean grid station values were log10-transformed before calculating the annual 








where n is the number of grid stations sampled and ai is the mean value for each grid 
station. For satellite derived parameters (SST and sea ice), a single annual value was 
log10-transformed to calculate 𝐴𝑦. Annual anomalies (𝐴𝑦
′ ) were then calculated using the 
following formula: 
2) 𝐴𝑦
′ = 𝐴𝑦̅̅̅̅ −  ?̅? 
where ?̅? is the mean of the yearly log10-transformed means (𝐴𝑦̅̅̅̅ ) (Mackas et al. 2001; 
O’Brien et al. 2011; Steinberg et al. 2015; Wiebe et al. 2016). These equations are 
modified from Steinberg et al. (2015) and Thibodeau et al. (2019) to indicate clearly that 
data were log10-transformed prior to calculating annual means. Chl a, PP, carbonate 
chemistry, and sea ice anomalies were calculated specifically for the PAL LTER North 
sub-region only. Anomalies of year-round SST for the North sub-region were determined 
with NOAA OI sea surface temperature analysis (version OI.v2) using in situ and satellite 
SSTs as well as SSTs simulated by sea ice cover (Reynolds et al. 2002). Climate indices 
are already in anomaly form and do not have sub-regional anomalies so are considered 
for the entire PAL LTER sampling grid. 
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2.6 Comparison of environmental parameters and climate indices 
General Linear Models (GLMs), with data in annual anomaly form for the North 
sub-region, were developed to identify the effects of covariates on the growth and time of 
appearance of L. h. antarctica. The covariates included annual chl a, PP, SST, carbonate 
chemistry variables, the seven ice variables, and two climate indices. In order to meet all 
assumptions of multiple linear regression including homogeneity of variance, normally 
distributed data, fixed predictors, and no multi-collinearity among predictors, time of 
appearance data were natural-log transformed. The (unitless) growth coefficient from 
each linear model for the pooled shell lengths (adults and juveniles) (Table 1) was used 
for the growth GLM and no additional transformation was needed for these data. 
Assumptions were verified by plotting residuals versus fitted values and covariates (Zuur 
and Ieno 2016). Covariates from the GLMs were assessed for outlying and influential 
observations and normality of residuals. Positive autocorrelation was tested with the 
Durbin-Watson test (Neter et al. 1996). Chosen covariates in the models were based on a 
priori hypotheses about how those covariates affect pteropod phenology as described in 
Thibodeau et al. (2019). The final best fitting models for growth and time of appearance 
were identified based on the highest adjusted R2 value (Quinn and Keough 2002). 
Significance for all statistical analyses was determined at α = 0.05. All analyses were 






3. RESULTS  
 
3.1 Pteropod seasonal population size structure 
 A new L. h. antarctica cohort typically first appeared in the trap during late 
austral autumn into early winter (May-June) with a median size of the first pteropods 
appearing of 0.62 ± 0.05 mm for the entire time series. The cohort continued to grow 
over the winter season, with shell size frequency following a normal distribution (Fig. 3). 
L. h. antarctica was present in the sediment trap consistently from austral autumn to late 
spring or early summer (Nov.-Dec.) ranging in median size from 0.72 ± 0.03 mm in 
austral winter to 1.6 ± 0.14 mm in early summer for the entire time series. L. h. antarctica 
growth accelerated in summer and typically reached a maximum length between the 
months of Nov.-Jan. with the largest recorded size, 7.52 mm, collected in early-Feb. 2018 
(Fig. 3). Pteropods were usually not present in the trap from Jan. to Mar. (austral summer 
to early autumn), but occasionally a large adult appeared in the trap in summer–such as 
occurred in late Jan. and Feb. 2018 (Fig. 3). Only one cohort was typically identified 
throughout the period L. h. antarctica were present in the trap. A larger, second size-class 
was sometimes observed (e.g., Sept. 2008, Nov. 2011, not shown) but did not develop 
into a second generation throughout the entire season (Fig. 3). In addition, a small 
number of veliger L. h. antarctica sporadically appeared in the trap before the austral 
spring (e.g., Dec. 2009, Dec. 2015, Dec. 2017) (Fig. 4).  
 L. h. antarctica collected with net tows at Palmer Station from Nov. 2017 to Feb. 
2018 exhibited a normal size distribution that followed a similar growth pattern to 
sediment trap samples (Fig. 5). Median shell size of pteropods collected at Palmer Station 
increased from 3.45 mm in Nov. 2017 (late spring), to 4.43 mm in Dec. 2017 (early 
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summer), to 5.90 mm in Jan. 2018 (summer), and to 6.43 mm in Feb. (late summer). 
These median shell lengths are consistent with those obtained from the sediment trap, 
except for Dec. 2017 when < 5 individual L. h. antarctica were collected in the trap – the 
low sample size explaining the discrepancy in median length for this month (Fig. 5). 
Further comparison with additional net tows collecting above the sediment trap location 
during Jan. 2018 exhibited a median size of 5.77 mm, indicating pteropods at the trap 
location were most likely from the same cohort as those collected near Palmer Station. 
 
3.2 Long-term observations of pteropod phenology  
 There was no significant long-term trend in L. h. antarctica time of appearance; 
however, there was high interannual variability within the time series (Fig. 6). A new L. 
h. antarctica cohort typically first appeared between 125-170 day of year (i.e., ~Apr.-
June) with most appearing in May (i.e., day 138) for half of the sampling years (Fig. 6). 
The years 2006, 2007, and 2012 were considerably different, with time of appearance of 
the first L. h. antarctica cohort much later at day 255 (Sept.) in 2006, early at day 50 (late 
Feb.) in 2007, and extremely early at day 22 (late Jan.) in 2012. (We note that the sample 
size of specimens in the 2006 sediment trap was overall much lower compared to other 
years in the time series, thus we interpret the late appearance in 2006 with caution.)  
 L. h. antarctica growth was exponential for each year of the time series (2004-
2018) (Fig. 7). All annual growth models were significant (p < 0.05) with R2 ranging 
from 0.65-0.90 except 2008 (p > 0.05) and 2010 (because the trap was not recovered) 
(Table 1). The average modeled growth coefficient for the time series (2004-2018) for 
adults and juveniles combined was 0.007 ± 0.0004, and growth rate was 0.009 ± 0.006 
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mm day-1 (Table 1).  Modeled growth coefficients varied inter-annually by a factor of 
two, with the slowest growth of the time series occurring in 2013 (0.004) and the fastest 
occurring in 2011 (0.01) (Fig. 8). There was no significant long-term directional trend in 
L. h. antarctica growth over the time series (p > 0.05) (Fig. 8). Growth of juvenile and 
adults for the time series (2004-2018) are each also summarized in Table 1. The average 
modeled growth coefficient for juveniles was 0.002 ± 0.001 and for adults was 0.006 ± 
0.005; however, only half of the juvenile and adult growth models were significant so 
these life stages were pooled for use in GLMs.  
Finally, a growth rate determined for median shell length data collected from 
Nov. 2017 to Feb. 2018 at Palmer Station, was 0.04 mm day-1. Growth rate determined 
from L. h. antarctica shell lengths collected in the sediment trap from March 2017 to 
Nov. 2017 combined with shell lengths collected from Nov. 2017 to Feb. 2018 at Palmer 
Station was 0.02 mm day-1.  
 
3.3 Environmental controls of pteropod phenology 
 The best fitting GLM indicated that earlier sea ice retreat the year prior, lower 
winter SST the year prior, and higher PP during the same sampling year best explained 
earlier L. h. antarctica time of appearance (Table 2). Sea ice retreat and winter SST were 
the only statistically significant predictors in the model but PP accounted for some of the 
explained variance. Larger area of open water the year prior, higher autumn SST the year 
prior, and higher chl a during the same sampling year best explained faster L. h. 
antarctica growth. Open water and autumn SST were the only statistically significant 
parameters in the model but chl a accounted for some of the explained variance. The best 
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fitting GLMs did not identify any carbonate chemistry parameters or climate indices as 
significant in explaining L. h. antarctica phenology. 
Individual regression relationships between environmental predictors and L. h. 
antarctica phenology metrics identified by the GLM are shown in Fig. 9 (note that no 
individual regressions with single environmental parameters were statistically significant 
but do illustrate directional change determined by the GLMs). Earlier sea ice retreat the 
year prior was associated with earlier L. h. antarctica time of appearance and more open 
water the year before corresponded to faster L. h. antarctica growth rates (Fig. 9a,b). 
Higher autumn SST the year prior was associated with faster growth but higher winter 
SST the year prior was associated with a later time of appearance (Fig. 9c,d). Higher chl 
a corresponded with faster growth in the same year but higher PP was associated with 
earlier time of appearance (not shown). Individual regressions were also conducted with 
the same environmental parameters for growth of juvenile and adults. More open water 
the year before corresponded to faster juvenile growth, and earlier sea ice retreat the year 
prior was associated with faster adult growth. These results agree with the GLMs using 






4.1 Long-term trends in pteropod phenology 
While the considerable interannual variability in growth and time of appearance 
of each new L. h. antarctica cohort reveals fluctuating life history patterns, a significant 
unidirectional change in L. h. antarctica phenology has not occurred in the WAP over the 
past 14 years (2004-2018). L. h. antarctica were absent in sediment trap samples from 
late Dec. to Mar. with a new L. h. antarctica cohort first appearing in the trap between 
Apr. and June. The absence of L. h. antarctica in sediment trap samples during austral 
mid-summer (Jan.-Feb.), also observed by Collier et al. (2000) in sediment traps from the 
Ross Sea, is most likely because pteropods were feeding in the surface waters during this 
time. In addition, diel, depth-discrete net tows sampling the full water column (0-500 m) 
along the WAP shelf during summer from 2009-2017 show that although L. h. antarctica 
performs diel vertical migration in austral summer, their population was concentrated 
within the surface 150 m during both night and day (Conroy et al. submitted). Thus, the 
majority of pteropods remained entirely above the depth of the sediment trap (170 m), 
likely to take advantage of the high productivity in surface waters during summer. 
Habitat partitioning may also explain absence of L. h. antarctica from the sediment trap 
in austral summer. Habitat partitioning was observed for the Antarctic Krill, E. superba, 
in which adult males and females occur over Antarctic continental shelves, whereas 
larvae are concentrated offshore (Perry et al. 2019). Adult pteropods are most abundant 
offshore in slope waters during summer (Thibodeau et al. 2019, chapter 2) which could 
help explain their absence in the trap, but additional seasonal data for distribution and 
abundance of juveniles are needed to determine if juvenile pteropods, which are caught in 
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the sediment trap the rest of the year, are more abundant over the (northern) shelf during 
autumn/winter. 
Ontogenetic (seasonal) vertical migration also explains the patterns we observed. 
The first appearance of a new L. h. antarctica cohort emerged in the sediment trap in 
austral autumn (Apr. to June) every year, indicative of ontogenetic migration observed in 
many Southern Ocean zooplankton–including E. superba (Fraser 1936; Ross et al. 1996). 
L. h. antarctica produce free-floating egg sacs that are released in summer and veligers 
begin to develop at least 30 days later (Paranjape 1968; Lalli and Wells 1978; Lalli and 
Gilmer 1989; Gannefors et al. 2005). Hopkins (1971) observed high epipelagic densities 
of L. h. antarctica collected in 76 µm mesh nets (22.0 ind. m-3) but individuals were 
absent from 202-330 µm mesh nets in Apr.-May from the Pacific sector of the Southern 
Ocean, which matches the time of spawning and descent revealed in this sediment trap 
analysis. Studies along the Antarctic Peninsula also show that the depth distribution of L. 
h. antarctica deepened from austral summer to autumn (Hunt et al. 2008; Marrari et al. 
2011), and in the Arctic Limacina spp. conduct a seasonal vertical migration during 
autumn (Kobayashi 1974; Falk-Petersen et al. 2008). Our time-series sediment trap 
analysis confirms L. h. antarctica as an ontogenetic migrator, which is important for 
understanding its population dynamics and contribution to biogeochemical cycling in 
deeper waters (La et al. 2019). 
This study is the first in the Southern Ocean to illustrate that L. h. antarctica 
(shells) actively grow during the ice-covered winter season. There was large variability in 
growth throughout the time series (2004-2018) with years of slow shell growth as low as 
0.004 mm day-1 (2012). The fastest pooled growth rates (2004, 2006, 2011, 2015, and 
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2018) were ~ 0.01 mm day-1. The mean juvenile growth rate (0.001 ± 0.001 mm day-1) is 
slower than the mean adult growth rate (0.009 ± 0.01 mm day-1), which has implications 
for the effects of environmental stressors on juvenile growth and development, but 
insufficient sample size makes it difficult to fully interpret these rates. Combining the 
2017/2018 pooled sediment trap growth rate and Palmer net tow data growth rate set 
yields a growth rate of 0.02 mm day-1, which is in line with with those determined by 
Bednaršek et al. (2012) in the Scotia Sea of the Southern Ocean (average 0.01 mm day-1). 
In the Bednaršek et al. (2012) study, L. h. antarctica were collected (with nets) only 
during the productive austral summer seasons, which may explain why growth rates in 
that analysis were at the higher end of those observed in our sediment trap. Winter (June-
Aug.) growth rates from our study, and comparatively faster summer growth rates from 
ours and Bednaršek et al. (2012), indicate the summer season is an important period of 
accelerated growth for L. h. antarctica. Similarly, in a North Pacific temperate fjord, 
Wang et al. (2017) determined a mean growth rate of 0.03 mm day-1 (range 0.0005 to 
0.08 mm day-1) with slower growth in spring (~0.01 mm day-1) and faster rates in 
summer (0.04 – 0.6 mm day-1). One question that remains is how pteropods maintain 
growth during the ice-covered winter season. Given that thecosomes are known flux-
feeders (Jackson et al. 1993), they may be able to consume sinking detritus, ice algae, and 
protists during this period of low productivity, as observed by other pelagic zooplankton 
(Roman 1984; Steinberg 1995; Kohlbach et al. 2016, 2018). Data for overwintering 
pteropod distributions and feeding are needed to fully determine the mechanisms 
controlling their ecology and life history in the Southern Ocean. 
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Over the whole time series, the mean L. h. antarctica growth coefficient was 
0.007. Using an exponential growth function with a coefficient of 0.007, and an average 
median shell length of the first cohort of 0.62 mm, and a sampling period from May to 
February of the following year (270 days), results in a shell length of 4.08 mm in 
February. This length is less than the median shell length of L. h. antarctica collected 
from net tows near the sediment trap (5.77 mm) and at Palmer Station (5.90 mm) during 
austral summer (Jan.). Based on this growth rate, L. h. antarctica would need to live 320 
days (~11 months) to achieve this length (5.77 mm). There is evidence from previous 
studies that L. h. antarctica collected along the Antarctic Peninsula in early summer are 
overwintering adults that then die off after spawning in late summer (Massey 1920 in 
Lalli and Gilmer 1989; Hunt et al. 2008). Since the growth rates calculated in this study 
typically underestimate the maximum size of L. h. antarctica in summer, we agree with 
the conclusions of Bednaršek et al. (2012) that L. h. antarctica may live more than one 
year, but these larger, now greater than 1-yr old adults may be advected offshore (as 
discussed above) since we did not catch them in the sediment trap at the end of their life 
cycle. Austral winter growth rates measured in our study are important for interpreting L. 
h. antarctica development during a critical season, and stage of their life history, that is 
extremely under sampled. These growth rates improve our understanding of pteropod 
ecology and can be used in ecological models to address the fate and future risks of 





4.2 Pteropod phenology in relation to environmental parameters 
L. h. antarctica phenology was controlled primarily by sea ice, although sea 
surface temperature and primary production were also important factors. Earlier sea ice 
retreat with lower winter SST, both in the year prior, and lower PP in the same year best 
explained earlier L. h. antarctica time of appearance. Similarly, more open water with 
higher autumn SST, both in the year prior, and elevated chl a the same year were 
associated with faster L. h. antarctica growth. These model results indicate earlier sea ice 
retreat in austral spring could explain earlier seasonal migration into deeper waters in 
autumn with sustained development through the winter with lower SST. In addition, more 
open water, combined with warmer SST in autumn, induces faster L. h. antarctica 
growth. This earlier migration and faster growth accelerate L. h. antarctica’s 
developmental cycle over winter, resulting in L. h. antarctica returning to surface waters 
earlier in summer. High PP/chl a (food) in summer further stimulates L. h. antarctica 
metabolic rates that could lead to faster growth of veliger pteropods as well as spawning, 
causing a new L. h. antarctica cohort to appear earlier in the sediment trap in autumn. 
While there is limited environmental information related to pteropod entry into 
sediment traps, Collier et al. (2000) observed high sedimentation of L. h. antarctica shells 
in their traps at ~575 m depth in late autumn following a pulse of sinking diatoms in the 
Ross Sea, which corroborates the positive relationship between chl a and pteropod 
phenology observed in our study. A recent study along the WAP with the same L. h. 
antarctica specimens collected in the PAL LTER sediment trap found negative Southern 
Annual Mode with high chl a concentration best explained high pteropod fluxes (Keul et 
al. in prep). Roberts et al. (2014) considered the effects of carbonate chemistry, PP, and 
 100 
SST on L. h. antarctica shell weight and flux in the Polar Frontal Zone, finding that none 
of these environmental factors were significant predictors. While PP and SST were 
significant predictors of L. h. antarctica phenology in our model, no statistical 
relationship was observed with carbonate chemistry. Most likely a longer time series with 
higher resoluation data on seasonal time-scales is required to detect significant trends in 
carbonate chemistry (Henson et al. 2010; Hauri et al. 2015), as suggested in Thibodeau et 
al. (2019). Water column sampling of pteropods with nets along the WAP indicate sub-
decadal climate oscillations are important controls on pteropod abundance, with higher 
abundance following warmer conditions and subsequently low sea ice  (Ross et al. 2008; 
Loeb and Santora 2013; Steinberg et al. 2015; Thibodeau et al. 2019, chapter 2). While 
no long-term changes in L. h. antarctica phenology were observed within this sediment 
trap dataset, high interannual variability in L. h. antarctica time of appearance and 
growth shows these pteropods are influenced by environmental changes, particularly 
those related to sea ice, temperature, and food. A study in the Amundsen Sea by La et al. 
(2019) also found zooplankton, including pteropod, seasonal migration was strongly 
influenced by shifts in sea ice and net primary productivity. That environmental controls 
such as sea ice and SST affect pteropod phenology one year later also suggests their 





L. h. antarctica phenology provides key information on the effects of 
environmental controls, particularly sea ice as well as temperature and primary 
productivity, on pteropod time of appearance and growth. This study utilized an extensive 
sediment trap time series (2004-2018) to illustrate L. h. antarctica shells actively grow 
during the ice-covered winter season with exponential growth into the austral summer. 
These data can be used to predict the effects of environmental change on pteropods in the 
future and to incorporate seasonal growth rates into food web models. Thecosomes are 
considered sentinel indicators of ocean acidification, whose populations may be 
negatively affected in the near future (Manno et al. 2017). The Southern Ocean is 
predicted to experience prolonged undersaturation of aragonite as early as 2030 (Hauri et 
al. 2016), emphasizing the need to acquire baseline data on L. h. antarctica life history. In 
addition, our study indicates pteropods seasonally migrate to deeper waters as larvae over 
winter. Consequently, they are also most likely to experience undersaturation of aragonite 
(Hauri et al. 2015) during a critical life stage (Comeau et al. 2012; Thabet et al. 2015), 
with potential cumulative effects throughout their life history (Bednaršek et al. 2019). 
The tightly coupled relationship between L. h. antarctica and its environment indicate 
pteropod phenology may significantly shift in the future due to increasingly ice-free, 
warmer waters prevalent along the WAP. These changes in L. h. antarctica appearance 
and growth will have influential consequences for the WAP food web, given the 
importance of L. h. antarctica as a grazer (Bernard et al. 2012), and affect 
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Table 1. Linear model results of natural log-transformed median Limacina helicina antarctica shell length data for the sediment trap 
time series (2004-2018). Presented are statistical scores obtained from the model for each year with 1) adults and juvenile size classes 
combined, 2) juvenile size class only, and 3) adult size class only. Test statistics include sample size (n, number of samples per year), 
the coefficient (slope) for the regression equation, the adjusted R2, p-value, and growth rates in mm day-1. Certain age classes for 
2006-2008 did not yield enough data (n < 3) to run a linear model and thus were excluded from the analysis. Juveniles are defined as  
< 1 mm while adults are defined as > 1 mm (Wells 1976). 4) Growth rates calculated in mm day-1 by taking the maximum and 
minimum median sizes for each year and dividing by the sampling period (rise over run). Note: Juvenile model 2012 and Adult 
models 2004 and 2017 were not natural log-transformed to produce the best model fit indicated by *. Mean growth coefficients and 
growth rates (± standard deviation) are for entire time series. 
 
 
               1. Adults & Juveniles combined 2. Juveniles only 3. Adults only 
Year n Coefficient R2 p mm 
day-1 
n Coefficient R2 p mm 
day-1 
n Coefficient R2 p mm 
day-1 
2004 7 0.009 0.97 < 0.001 0.01 4 0.004 0.93 = 0.02 0.004 7 0.008* 0.69 = 0.02 0.007 
2005 6 0.007 0.90 = 0.002 0.007 5 0.003 0.92 = 0.005 0.003 4 0.003 0.28 = 0.28 0.006 
2006 6 0.01 0.65 = 0.03 0.03 NA NA NA NA NA NA NA NA NA NA 
2007 6 0.005 0.83 = 0.007 0.005 5 0.002 0.39 = 0.15 0.002 NA NA NA NA 0.00 
2008 4 0.003 0.46 = 0.19 0.001 4 0.002 0.66 = 0.11 0.002 NA NA NA NA -0.004 
2009 6 0.006 0.90 = 0.001 0.006 4 0.003 0.99 = 0.001 0.003 4 0.003 0.47 = 0.19 0.004 
2011 8 0.01 0.82 = 0.001 0.01 4 0.004 0.98 = 0.005 0.004 4 0.02 0.92 = 0.02 0.04 
2012 7 0.005 0.91 < 0.001 0.004 4 0.002* 0.91 = 0.03 0.002 7 -0.001 0.03 = 0.32 -0.008 
2013 7 0.004 0.81 = 0.003 0.005 4 0.001 0.96 = 0.01 0.001 3 0.008 0.87 = 0.16 0.01 
2014 9 0.007 0.87 < 0.001 0.007 5 0.003 0.88 = 0.01 0.003 5 0.007 0.66 = 0.057 0.01 
2015 6 0.008 0.82 = 0.008 0.01 3 0.001 0.89 = 0.15 0.001 5 0.007 0.91 = 0.007 0.01 
2016 7 0.006 0.89 < 0.001 0.008 4 0.0006 -0.47 = 0.85 0.0006 6 0.003 0.71 = 0.02 0.007 
2017 7 0.007 0.94 < 0.001 0.009 3 0.003 0.97 = 0.07 0.003 3 0.02* 0.99 = 0.04 0.02 
2018 7 0.006 0.74 = 0.007 0.01 4 0.0005 -0.26 = 0.6 0.0005 6 0.005 0.63 = 0.03 0.01 
Mean  0.007 ± 0.002 0.009 ± 0.006  0.002 ± 0.001 0.001 ± 0.001  0.006 ± 0.005 0.009 ± 0.01 
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Table 2. General Linear Model (GLM) results assessing the effect of environmental 
parameters on Limcina helicina antarctica time of appearance and growth. Presented are 
explanatory variables and statistical scores obtained from the best model, identified by 
the highest adjusted R2 value, among multiple linear regression analyses. Test statistics 
include adjusted R2, sample size (number of years) for the overall model, the coefficient 
(slope) for the regression equation, the standard error (SE) associated with the model 
coefficient, and p-value. 
 
Parameter years Coefficient SE p 
Time of appearance (R2 adjusted = 0.59, p = 0.01) 14    
     Sea ice Retreat (1-year lag)  8.715 2.321 = 0.005 
     Winter SST (1-year lag)  2.019 0.701 = 0.020 
     Primary Productivity (no lag)  -0.449 0.205 = 0.059 
Growth rate (R2 adjusted = 0.55, p = 0.02) 12    
     Open Water (1-year lag)   0.019 0.005 = 0.006 
     Autumn SST (1-year lag) 









Figure 1. Map of PAL LTER study region and sediment trap location. Study region 
(highlighted in box) relative to the Antarctic continent. The sediment trap is located over 
the continental shelf region of the sampling grid. Shades of gray illustrate bathymetry, 
with light gray indicating the continental shelf and dark gray the continental slope and 
abyssal plain. Shelf break is represented by light/dark gray interface near 1000 m, 
extending down to 3000 m (Ducklow et al. 2012a). The continental shelf is roughly 200 
km wide and 430 m deep on average. PAL LTER grid lines are numbered from 600 to 
−100 and distanced 100 km apart (Waters and Smith 1992). The sediment trap is located 
in the North sub-region of the sampling grid (lines 400 to 600). Individual stations for a 
given grid line are 20 km apart. An, Anvers Island, the location of Palmer Station; MB, 






Figure 2. Limacina helicina antarctica shell growth and measurement. (a) Examples of 
L. h. antarctica shells collected from the sediment trap in 2017 when pteropods first 
appear in June (left) then continue to develop in September (middle) and November 
(right). (b) Method for measuring shell length. Measured shell lengths in (a) (from left to 
right) are as follows: 0.57 mm, 1.16 mm, 2.28 mm. The yellow and brown colors in the 








Figure 3. Size-frequency histogram of Limacina helicina antarctica shell length for the 
2017-2018 sediment trap sampling season (February 1, 2017 – January 31, 2018). Similar 
histograms were constructed for each year of the time series (2004-2018). Each sampling 
period/trap cup for the year is shown. Black vertical lines indicate median shell length for 
each sample cup. Note different y-axis scales (left), and that L. h. antarctica were not 
present during some sample periods. 
 119 
 
Figure 4. Median shell length for each sediment trap sample cup in which Limacina 
helicina antarctica were present. To best compare seasonal and interannual size 
variation, the y-axis scale is set at a maximum of 5 mm, which excludes n = 7 data points 
(collectively from 2011, 2017, 2018; see Figure 7 for complete dataset). No data are 




Figure 5. Size-frequency histogram for Limacina helicina antarctica collected from net 
tows at Palmer Station, Antarctica from November 2017 to February 2018. Median 
pteropod shell length for each sampling month at Palmer Station from net tows (black 
vertical bars) versus in sediment trap cups corresponding to the same sampling period by 




Figure 6. First day of appearance for a new Limacina helicina antarctica cohort to occur 
in the sediment trap each year for the entire time series (2004-2018). There was no 
significant linear relationship between year and day of appearance. No data are available 








Figure 7. Time series of median Limacina helicina antarctica shell length determined from each sediment trap cup from 2004-2018. 




Figure 8. Modeled growth coefficient of Limacina helicina antarctica determined for 
each year of the sediment trap time series (2004-2018) with all lengths combined (a) and 
with juvenile and adult growth rates separated (b). Juveniles are defined as < 1 mm while 
adults are defined as > 1 mm (Wells 1976). Insignificant growth rate models (Table 1) 
were removed from this analysis due to small sample size, and data from 2010 are not 
available due to trap failure. There was no significant linear relationship between year 




Figure 9. Effect of environmental conditions on Limacina helicina antarctica phenology. 
(a) Sea ice retreat (1-year lag) vs. L. h. antarctica time of appearance, (b) Area of open 
water (1-year lag) vs. L. h. antarctica modeled growth coefficient, (c) Autumn Sea 
Surface Temperature (SST) (1-year lag) vs. L. h. antarctica modeled growth coefficient, 
(d) Winter Sea Surface Temperature (SST) (1-year lag) vs. L. h. antarctica time of 
appearance. Data plotted are annual anomalies for each year of the time series (2004-
2018) for the North sub-region of the sampling grid. Day of sea ice retreat and winter 
SST are lagged 1-year behind L. h. antarctica time of appearance (e.g., 2017 appearance 
is plotted against day of 2016 sea ice retreat and SST annual anomalies). Area of open 
water and autumn SST are lagged 1-year behind L. h. antarctica modeled growth 
coefficient (e.g., 2017 L. h. antarctica growth is plotted against 2016 open water annual 
anomaly). There are no significant linear relationships, but regression lines are shown to 













Effects of temperature and food concentration on pteropod metabolism along the 











Pteropods (pelagic snails) are abundant zooplankton in the Southern Ocean where 
they are important grazers of phytoplankton, prey for higher trophic levels, and sensitive 
to environmental change. The Western Antarctic Peninsula is a highly dynamic and 
productive region that has undergone rapid warming, but little is known about how 
environmental changes will affect pteropod physiology. In this study, the effects of 
warming seawater temperatures and shifting food availability on Limacina helicina 
antarctica metabolism (respiration and excretion) were determined by conducting 
shipboard experiments that exposed pteropods to a range of temperature and 
phytoplankton (food) concentrations. Highest respiration and usually highest excretion 
rates occurred under higher temperature with more limited metabolic response to food 
concentration, indicating these factors do not always have an additive effect on pteropod 
metabolism. The proportion of dissolved organic matter (DOM) to total organic and 
inorganic dissolved constituents was high and was also significantly affected by shifts in 
temperature and food. Dissolved organic carbon, nitrogen and phosphorus (DOC, DON, 
and DOP) were on average 27, 51, and 11.5% of the total C, N, and P metabolized, 
respectively. The proportion of total N excreted as DON significantly increased with 
increasing temperature, while the proportion of total P excreted as DOP significantly 
increased with increasing food. There were no effects of temperature or food on DOC 
excretion as a proportion of total C metabolized. Metabolic O2:N ratio decreased 
significantly with increasing temperature and food, indicating a shift toward increased 
protein catabolism. Metabolic ratios of C, N, and P were all below the canonical Redfield 
ratio, which has implications for phytoplankton nutrient uptake and bacterial production. 
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These insights into the metabolic response of pteropods to ocean variability increase our 
understanding of the role of zooplankton in biogeochemical cycles and help predict future 
responses to climate change.   
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1. INTRODUCTION 
Pteropods (pelagic snails) are abundant zooplankton in the Southern Ocean and 
important grazers of phytoplankton, prey for higher trophic levels, and are particularly 
sensitive to environmental change (Bednaršek et al. 2012a; Bernard et al. 2012; Steinberg 
et al. 2015; Mintenbeck and Torres 2017). Sustained periods of undersaturation of 
aragonite, the mineral used in pteropod shell formation, and shoaling of the aragonite 
saturation horizon are predicted to occur in the Southern Ocean as early as 2030 (Hauri et 
al. 2016; Negrete-García et al. 2019).  Understanding pteropod response to anthropogenic 
change in this region has consequently become a research priority (Hunt et al. 2008; 
Maas et al. 2011; Bednaršek et al. 2012a; Seibel et al. 2012; Manno et al. 2016; 
Hoshijima et al. 2017; Gardner et al. 2018). However, little is known about long-term and 
regional impacts of environmental change on pteropod physiology in the Southern Ocean. 
Metabolic shifts in zooplankton are suggested to be important predictors of 
zooplankton to climate change, particularly in response to thermal thresholds, food 
availability, and ocean acidification (Steinberg and Landry 2017). Within the Southern 
Ocean, most studies of pteropod metabolism have been conducted with the abundant 
shelled (thecosome) pteropod, Limacina helicina antarctica, with a few measurements of 
metabolism of non-shelled pteropods (gymnosomes) such as Clione limacina antarctica. 
In the Ross Sea, a region currently experiencing increases in sea ice coverage, studies 
have shown mixed effects of environmental stressors on pteropod metabolism (Hobbs et 
al. 2016). For example, Seibel et al. (2012) found increases in pCO2, the partial pressure 
of CO2, suppressed L. h. antarctica oxygen consumption in the Ross Sea, while 
Hoshijima et al. (2017) found combined higher pCO2 and temperature conditions 
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increased L. h. antarctica metabolic rate. In the Scotia Sea, north of the WAP, L. h. 
antarctica maternal stress under OA conditions resulted in poorly developed offspring, 
and a complementary study observed high L. h. antarctica larval mortality with 
undersaturated aragonite (Ωar) and higher temperature (Manno et al. 2016; Gardner et al. 
2018).  
The Western Antarctic Peninsula (WAP) is a highly dynamic and productive 
region of the Southern Ocean that has undergone significant long-term warming 
(Meredith and King 2005) and sea ice concentration decreases (Stammerjohn et al. 2008, 
2012) since the mid-twentieth century. In the past two decades this warming has 
plateaued, and a notable increase in sea ice extent and duration, and its interannual 
variability, since the late 2000s has occurred in the coastal WAP (Henley et al. 2019). 
Physical shifts in the WAP environment have had profound effects on the marine 
ecosystem, influencing the pelagic food web from plankton to top predators (Montes-
Hugo et al. 2009; Ducklow et al., 2012b; Stammerjohn et al. 2012; Garzio et al., 2013; 
Schofield et al., 2013; Steinberg et al., 2015). In the northern WAP, chlorophyll a (chl a) 
concentrations decreased over the past 30 years due to declines in sea ice, increases in 
wind, and subsequently deeper mixed layers; in the southern WAP chl a has increased 
during the same period as phytoplankton in the once permanently covered sea ice region 
are exposed to increasing light penetration through increasing ice melt (Montes-Hugo et 
al. 2009). A long-term analysis of phytoplankton community composition in the region 
determined that diatoms dominate most phytoplankton blooms but during low chl a l 
years, cryptophytes make up a larger proportion of the community (Schofield et al. 2017). 
These results suggest that long-term environmental changes could lead to more 
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cryptophytes dominating phytoplankton community composition along the WAP, which 
could affect food availability for zooplankton and their grazing. Furthermore, despite the 
future threat of ocean acidification for WAP pteropods, the WAP is currently not 
undersaturated with aragonite (Hauri et al., 2015). Consequently, WAP pteropods may at 
present be more directly influenced by warming and changing food availability, 
particularly during the summer months. 
Four pteropod species occur in the WAP region, including two shelled pteropods 
– L. h. antarctica and Clio pyramidata, and two non-shelled pteropods – C. l. antarctica 
and Spongiobranchaea australis (Thibodeau et al. 2019, chapter 2). Long-term, time-
series analyses of pteropods along the WAP show higher pteropod abundance is 
associated with warm sea surface temperatures and ice-free waters (Ross et al. 2008; 
Loeb and Santora 2013; Steinberg et al. 2015; Thibodeau et al. 2019, chapter 2), 
suggesting temperature and ice may be important controls on pteropod physiology. 
However, no studies other than Suprenand et al. (2015) have examined environmental 
controls on pteropod physiology in the WAP, and notably few measures of excretion 
exist for most pteropod species in the Southern Ocean.  
Identifying metabolic response to environmental variability is key to determining 
the potential future effects of climate change on pteropods. We thus determined the 
effects of shifting food availability and seawater temperature on pteropod metabolism 
(respiration and excretion) by conducting shipboard experiments exposing L. h. 
antarctica to elevated temperature and decreased phytoplankton (chl a) compared to 
ambient, natural conditions. We separately conducted an acidification experiment testing 
pre-industrial and future ocean pCO2 effects. Respiration rates under ambient conditions 
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were also measured for the other three WAP pteropod species (C. pyramidata, C. l. 
antarctica and S. australis), as well as excretion rates of C. pyramidata. Finally, we 
report the first excretion rates of dissolved organic matter by pteropods. These findings 
can be used to examine underlying physiologic/mechanistic effects of climate change on 
pteropods that may ultimately affect their abundance if they are forced to reallocate 
energy reserves, and to better parameterize in biogeochemical models the contribution of 








2.1 Study region 
The Palmer Antarctica Long Term Ecological Research (PAL LTER) study 
region extends from the Antarctic Peninsula coast to the continental slope 200 km 
offshore, and is bounded by Palmer Station, Anvers Island (64.77°S, 64.05°W) to the 
north and Charcot Island (69.45°S, 75.15°W) approximately 700 km to the south 
(Ducklow et al. 2007, 2012a) (Fig. 1). Sampling of grid stations for experiments and 
incubations occurred annually during PAL LTER austral summer research cruises 
(approximately 01 January to 10 February) aboard the ARSV Laurence M. Gould (2017-
2019). Grid lines are spaced 100 km apart perpendicular to the WAP, with stations 
spaced 20 km apart along each grid line (Waters and Smith 1992). For most analyses, the 
grid was divided into latitudinal subregions based on hydrographic and sea ice conditions 
as in Steinberg et al. (2015) and Thibodeau et al. (2019): “North” (lines 600, 500, and 
400), “South” (lines 300 and 200), and “Far South” (100, 000, and −100) (Fig. 1).  
 
2.2 Pteropod collection and sampling 
Pteropods and all other macrozooplankton were collected with a 2 m square frame 
Metro net (700 µm mesh), towed obliquely to depths up to 120 m (Ross et al. 2008; 
Steinberg et al. 2015), or with shallower (0-50 m), vertical tows if pteropods were very 
abundant. Net depth was verified real time with a depth sensor attached to the bottom of a 
conducting wire and confirmed with a temperature-depth recorder. A non-filtering cod 
end was used to avoid damaging animals, particularly fragile L. h. antarctica shells, 
during the tow. Upon recovering the tow, 120 actively swimming pteropods of similar 
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size were immediately removed from the rest of the whole catch using a wide-bore 
pipette and gently placed into 2 L jars filled with whole seawater collected in situ for at 
least two hours acclimation before distribution into incubation bottles. 
 
2.3 Experimental design 
2.3.1 Temperature and food manipulation with L. h. antarctica 
During the annual PAL LTER cruises (2017-2019), seven shipboard 
multifactorial experiments were conducted exposing L. h. antarctica to ambient (in situ) 
temperature and chlorophyll a concentration, along with elevated temperature and 
decreased chl a (food) concentration (Fig. 2). Seawater for experiments was collected at 
the chl a maximum (Chl a max) depth (20-50 m) using a Conductivity, Temperature, 
Depth (CTD)/rosette and added to four, 10 L, acid-cleaned carboys. Seawater from the 
Chl a max was considered the ambient (high) food condition. The low food treatment 
(10% of ambient) was created by diluting water from the Chl a max with 0.2 µm filtered 
seawater from the same sampling station. One carboy containing the low food treatment 
and one carboy with the ambient food treatment were maintained at ± 0.5°C of ambient 
sea surface temperature (range -0.5 – 2.0°C for all experiments) in a flow-through 
seawater tank, and one carboy each at low and ambient food conditions was brought to 
4ºC in an incubator (Percival Scientific). This elevated temperature is within the range of 
predicted average increase in WAP sea surface temperature by 2100 (Turner et al. 2009). 
All carboys were kept in the dark to prevent phytoplankton growth. L. h. antarctica were 
placed in 2 L jars in the four treatment conditions and acclimated in the dark for two 
hours. Initial chl a samples were taken from each carboy and filtered onto a 0.7 µm GF/F 
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filter and flash frozen for chl a analysis once the carboys were at their desired 
temperatures, and right before animals were added to incubation jars. Salinity was 
measured at the start of the experiment with a seawater refractometer. Five L. h. 
antarctica were then added to four, 300 ml clear, acid-cleaned, gas-tight BOD bottles for 
each treatment, with two additional bottles containing no animals serving as controls (and 
to account for bacterial respiration) for a total of 24 bottles per experiment (6 per 
treatment) (Fig. 2). High temperature treatment bottles were maintained at 4°C in the 
incubator, and ambient temperature treatment bottles in the flow-through seawater tank, 
described above. All bottles were incubated in the dark for 12 hrs. Temperature was 
measured every two hours in the incubators during the experiment using a digital 
thermometer (Traceable, model 90205-22). T0 time point respiration (oxygen) and 
excretion of dissolved nutrients (ammonia; phosphate; and dissolved organic carbon, 
nitrogen–including urea, and phosphorus) measurements were taken for each bottle, with 
respiration recorded every other hour for 12 hrs., and excretion samples taken only at the 
end T12) (see below for oxygen and nutrient analysis methods). At the end of each 
experiment, pteropods were checked for their condition (i.e., still active/swimming), 
removed, and frozen at -80°C. All pteropods were alive at the end of the experiments. 
Excretion samples were filtered through a combusted 0.7 µm GF/F filter and the filtrate 
frozen on board at -35°C. 
2.3.2 CO2 perturbation experiment with L. h. antarctica 
In addition to the multifactorial experiments, we performed a CO2 perturbation 
experiment measuring L. h. antarctica metabolism under pre-industrial and elevated 
dissolved CO2 conditions at ambient temperature in filtered seawater (no food), during 
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the 2018 PAL LTER research cruise. Filtered seawater was used instead of whole 
seawater in order to better account for changes in pCO2 during the experiment. Surface 
water was collected through the ship’s intake system and filtered with 0.2 µm nucleopore 
filter then placed in 20 L acid-cleaned carboys for bubbling CO2. Seawater was bubbled 
continuously for 24 hours with 0% CO2-free air and 100% CO2 gas regulated with mass 
flow controllers (Aalborg, New York, model GFC117) to achieve a pre-industrial CO2 
level of 180 ppm and a future predicted CO2 level of 750 ppm (RCP6 IPCC 2014). The 
carboys were placed in the dark in a flow-through seawater tank maintaining a 
temperature within ± 0.5°C of ambient sea surface temperature. After the equilibration 
period, water was distributed into 2 L jars to receive pteropods for an acclimation period 
(three per treatment), each containing CO2-equilibrated seawater, as well as into sixteen, 
300 ml clear, acid-cleaned, gas-tight BOD bottles for the experiment. A water sample 
was taken for dissolved inorganic carbon (DIC) and total alkalinity (TA) when the 
experiment was started to validate the pCO2 in each treatment (Supplementary Table 1). 
Also measured at the start of the experiment were temperature, salinity (see above), and 
pH (using a portable pH meter; Orion Star, model A221). Temperature and pH were then 
measured every two hours during the experiment.  
Actively swimming pteropods of similar size were immediately removed and 
gently distributed into the 2 L jars under the two CO2 conditions for 2 hrs. to acclimate 
before distribution into incubation bottles. Five L. h. antarctica were added to each bottle 
within the two CO2 treatments for a total of 16 bottles including controls (2 control 
bottles and 6 bottles with animals per treatment). All bottles were incubated in the dark in 
a flow-through seawater tank maintaining a temperature within ± 0.5°C of ambient sea 
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surface temperature for 12 hrs. Initial (T0) respiration (oxygen) and excretion (nutrients) 
measurements were taken for each bottle, with respiration recorded every other hour for 
12 hrs. At the end of the experiment, pteropods were counted and frozen water was 
filtered for excretion rates (see section 2.3.1). A final water sample was taken from each 
sample bottle for DIC and TA to track the changes in pCO2 in each treatment bottle.  
2.3.3 In situ condition experiments with all four pteropod species 
Additional shipboard experiments were conducted in 2018 and 2019 to measure 
respiration rates of all four WAP pteropod species (L. h. antarctica, C. pyramidata, C. l. 
antarctica, and S. australis; n = 8,4,1, and 2 experiments, respectively) under in situ 
temperature and food conditions. Upon recovering the tow, 20 actively swimming 
pteropods of the same species were gently placed in jars with 2 L of whole surface 
seawater for 2 hrs to acclimate before distribution into incubation bottles. Whole surface 
seawater was collected through the ship’s intake system for chl a analysis (see section 
2.3.1). Five pteropods of the same species were randomly added to four, 300 ml clear, 
acid-cleaned gas-tight bottles filled with whole surface seawater, with two remaining 
bottles containing no animals serving as controls. Bottles were placed in the dark in a 
flow-through seawater tank, maintaining a temperature within ± 0.5°C of ambient sea 
surface temperature for 12 hrs. Respiration and excretion were measured as described in 
section 2.1. A subset of bottles was also measured continuously for oxygen consumption 
over the entire incubation period. At the end of each incubation, bottles were checked to 




2.4 Measurement of oxygen consumption, excretion rate, and carbonate chemistry 
Oxygen consumption (respiration) was determined using two FireSting fiber-optic 
oxygen meters, fiber-optic cables, and OXP5 optical spots (Pyro Sciences, Aachen 
Germany) attached to the inner surface of 300 ml gas-tight BOD bottles with optically 
transparent silicon glue (Pyro Sciences, Aachen Germany). The FireSting fiber-optic 
oxygen meters were calibrated (average standard uncertainty ± 0.1 mg/L O2) using air 
saturated seawater and zeroed using a 2% sodium sulfite solution at the corresponding 
temperatures for the experiment (± 0.5°C SST, 4°C). Upon return to our home institution, 
individual pteropods were washed with deionized water, placed in pre-weighed 
aluminum dishes, dried at 70°C for two days, and weighed on a microbalance. Oxygen 
consumption rates (respiration) were calculated based on the change in oxygen 
concentration normalized to dry weight and corrected for bacterial respiration from 
control bottles without pteropods. Respired CO2 was calculated from oxygen 
consumption rates with an applied pteropod-specific respiratory quotient (CO2 
released/O2 consumed) of 0.94 (Mayzaud et al. 2005). L. h. antarctica from all 2017 
manipulation experiments, and from one 2018 experiment, were analyzed for carbon and 
nitrogen content on an elemental analyzer (Costech ECS 4010). Additional pteropod 
samples collected as part of the PAL LTER 2011 (L. h. antarctica only) and 2018 (all 
pteropod species) research cruises were also analyzed for carbon and nitrogen content.  
 Nutrient analyses to determine pteropod excretion rates included total dissolved 
nitrogen (TDN) and phosphorus (TDP), dissolved organic carbon (DOC), ammonia 
(NH4), nitrate/nitrite (NOx), urea, and phosphate (PO4). TDP was analyzed by persulfate 
oxidation (Bronk et al. 2000; Sharp 2002). A Lachat QuickChem 8500 nutrient 
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autoanalyzer was used to determine NOx, PO4, and TDP (Parsons et al. 1984). Urea was 
analyzed by the diacetyl monoxime procedure (adapted from Price and Harrison 1987) 
with a UV spectrophotometer (Shimadzu UV-1800). NH4 was determined with the 
original Koroleff method (Koroleff 1983) using a UV spectrophotometer (Shimadzu UV-
1800). DOC and TDN were measured with the temperature combustion method 
(Shimadzu TOC-L; Sharp et al. 2004) using standard reference materials (Hansell 2005). 
DON and DOP were then determined by calculating the difference between total 
dissolved (TDN and TDP, respectively) and inorganic fractions (NOx + NH4 and PO4, 
respectively) (Sharp et al. 2004). Excretion rates were calculated based on the change in 
nutrient concentration normalized to pteropod dry weight or by individual.  
TA and DIC analyses were used to monitor the carbonate chemistry in the 
dissolved CO2 experiment. TA was measured by open-cell potentiometric titration (parts 
from Metrohm; average standard uncertainty ± 3 µmol/kg; SOP 3b; Dickson et al. 2007). 
DIC was analyzed with a DIC analyzer (± 2 µmol/kg; AIRICA, Marianda) via 
acidification and non-dispersive infrared CO2 detection (LI-7000, LI-COR). The 
saturation state of aragonite (Ωar), pCO2, and pH were calculated from DIC and TA with 
the CO2SYS software (Robbins et al. 2010), using constants K1 and K2 from Mehrbach 
et al. (1973), as refit by Dickson and Millero (1987), and the KHSO4 dissociation 
constant from Dickson (1990).  
 
2.5 Statistical analysis 
Linear Mixed Effects Models (LME) were used to test the effects of the 
continuous factors (chl a and temperature) on the response variables (respiration and 
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excretion) with combined data from 2017-2019. In order to account for the variation 
added by the different sampling locations, sampling station was included in the model as 
a random effect. Therefore, more of the explained variance was accounted for in the LME 
than in an ANOVA and subsequent analyses were performed as a continuum of 
temperature and food conditions rather than comparison of mean ‘high’ and ‘low’ 
treatments by station. An ANOVA was used to determine the effects of average high and 
low CO2 treatments on L. h. antarctica metabolism since this experiment was conducted 
once at a single location. The models met all assumptions of linear regression analysis 
including homogeneity of variance and normally distributed data by natural log-adjusting 
data. These assumptions were all verified by plotting residuals versus fitted values and 
covariates (Zuur and Ieno 2016). Significance for all statistical analyses was determined 
at α = 0.05. All analyses were performed in R statistical framework version 3.2.4 (R 
Statistical Core Team 2016). All linear mixed effects models were fitted using the nlme 












3.1 Pteropod scaling relationships and elemental composition 
Scaling relationships between L. h. antarctica shell length, animal weight, and 
animal elemental composition were linear and significant (Fig. 3). On average, L. h. 
antarctica dry weight (DW) = 14.0% of wet weight, C = 30.3% of DW, and N = 7.6% of 
DW (Table 1). Mean L. h. antarctica C:N ratio was 4.0 and the gymnosomes had the 
highest average C:N (5.4). S. australis had the highest %C content (48.4%DW) compared 
with other three pteropod species, while C. pyramidata had the highest %N content 
(8.4%DW). C. pyramidata was the largest pteropod by length (17.9 mm) and weight 
(40.5 mg DW) while L. h. antarctica was the smallest (6.1 mm and 8.0 mg DW) on 
average.  
 
3.2 Pteropod metabolic rates under different food, temperature, and CO2 conditions 
Timepoint measurements of oxygen concentration recorded every two hours 
overlaid on continuous measurements indicated the regular 2-hr. sampling interval 
appropriately captured change in oxygen over time (Fig. 4). Respiration rate of L. h. 
antarctica significantly increased with increasing temperature (Fig. 5a, Table 2) but was 
not affected by food concentration (Fig. 5b, Table 2). The mean (± Standard Deviation, 
SD) L. h. antarctica Q10 respiration value across all experiments was 2.2 ± 1.9.  
L. h. antarctica excretion rates of all measured nutrients increased significantly 
with increasing temperature, but only urea, DON, and DOP excretion rates were 
significantly affected by food concentrations (Table 2, Fig. 5c,d). For dissolved organic 
excretory products, this positive relationship with temperature was strongest for excretion 
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of DOC (Fig. 5c, Table 2) and for inorganic excretory products was strongest for 
ammonia (Fig. 5d, Table 2). [See Supplementary Table 2 for L. h. antarctica mean 
metabolic rates under different temperature and food conditions.] Mean excretion rates of 
inorganic and organic dissolved nutrients under different temperature and food 
concentrations for L. h. antarctica are shown in Figure 6. Excretion of DOC relative to 
total carbon metabolized (CO2 respired + DOC excreted) was on average 27% (range = 
1- 62%) (Fig. 7a,b) and was not significantly affected by increasing temperature or food 
(Table 2). Excretion of DON relative to total nitrogen excreted (DON + ammonia) was 
on average 51% (range = 5-85%) and significantly increased with increasing temperature 
(Fig. 7c,d; Table 2). Urea excretion constituted a substantial proportion of DON (Mean = 
27%, range = 1-97%, n = 27). The proportion of urea relative to DON excretion also 
significantly increased with increasing food, but not with temperature, and the interaction 
term was also significant (Table 2). Excretion of DOP relative to total phosphorus 
excreted (DOP + phosphate) was on average 11.5% (range = 1-72%) (Fig. 7e,f; Table 2), 
and significantly increased under both  increasing temperature and food concentration 
(Table 2). Mean L. h. antarctica weight-specific excretion rates under in situ conditions 
were all higher than those of C. pyramidata, except phosphate (Table 3). Regarding CO2, 
there was no significant difference in L. h. antarctica respiration or excretion rates under 
pre-industrial vs. predicted future CO2 conditions (ANOVA, p > 0.05; Table 4).  
 
3.3 Stoichiometry of L. h. antarctica metabolism under different food and 
temperature conditions 
 
Metabolic O2:N ratio (O2 consumption:NH4 excretion) ranged from 2 to 9, 
decreased significantly with increasing temperature (Fig. 8a, Table 2), and was not 
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affected by food concentration (Fig. 8b, Table 2). Remineralization ratios of C, N, and P 
(respired or excreted) by L. h. antarctica were on average below Redfield (Table 5), and 
there were some significant changes in remineralization ratios of C, N, and P under 
different temperature and food conditions. CO2:DIN ratio significantly decreased with 
increasing temperature but was not affected by food concentration (Table 2). CO2:DIP 
and DOC:DON excretion were affected by shifting temperature and food conditions (i.e., 
interaction term was significant) (Table 2). CO2:DIP excretion ratio increased with 
decreasing food while DOC:DON excretion increased with increasing food, particularly 




4.1 Pteropod elemental composition 
L. h. antarctica summer dry and wet weights (and C and N contents) increased 
linearly with increasing shell length and their elemental composition was comparable to 
values previously reported in the Southern Ocean. In the Scotia Sea north of the Antarctic 
Peninsula, Bednaršek et al. (2012b) determined that L. h. antarctica dry weight as a 
function of shell length was best modeled with an exponential function. We attribute this 
discrepancy in modeled growth to the more limited length range and sample size of 
individuals measured by Bednaršek et al. (2012b) (0-4 mm; n = 27, respectively) 
compared with our study (2-9 mm; n = 291). L. h. antarctica %C and %N content (30.3% 
and 7.6% of dry weight, respectively) are similar to those reported by Ikeda and Mitchell 
(1982) (33.3% and 8.1%, respectively), as is the mean C:N ratio of 4 (vs. 4.1 in Ikeda and 
Mitchell 1982). Polar pteropods typically accumulate lipids that serve as an energy 
reserve under seasonal food scarcity, or to attain neutral buoyancy as energy savings for 
swimming (Lee et al. 2006), which results in higher C and lower N composition and 
therefore higher C:N ratios (Ikeda 2014). Elemental composition for the other WAP 
pteropod species also agreed with the few prior measurements for these species in the 
Southern Ocean (Ikeda and Mitchell 1982; Suprenand et al. 2015; Weldrick et al. 2019). 
The low C:N ratios for all WAP pteropod species in our study suggests pteropods were 
not yet accumulating lipid reserves in preparation for seasonal food scarcity, as it was 




4.2 Environmental controls on L. h. antarctica metabolism 
4.2.1 Respiration 
L. h. antarctica respiration rate significantly increased with increasing 
temperature but was not significantly affected by food concentration over the 12 h 
exposure period, implying temperature is the more dominant short-term environmental 
control. In the Ross Sea, respiration rate in L. h. antarctica similarly increased with 
increasing temperature (and with decreasing pH; Hoshijima et al. 2017), however it was 
depressed at lower mean chl a concentrations on longer time scales (days in Maas et al. 
2011 to years in Seibel and Dierssen 2003). These differences may be due to variations in 
duration of food limitation, pteropod baseline metabolic rates, and feeding histories 
within two distinct regions of the Southern Ocean. Warming has also been observed to 
increase the effects of pCO2 on shell degradation and increase respiration and mortality in 
Limacina spp. from the California Current (Bednaršek et al. 2018). But in the Arctic, 
Limacina spp. respiration was not significantly affected by temperature or pCO2 (Lischka 
and Riebesell 2017). These results illustrate variation in pteropod metabolic response 
both by region and under multiple stressors, likely correlating with natural patterns of 
exposure as well as evolutionary history. This emphasizes the particular need for 
multifactorial experiments to decipher underlying effects of environmental change on 
pteropod physiology.  
The mean ambient L. h. antarctica respiration rate  
(28.9 ± 9.1 µmol O2 gDW
-1 hr-1) is the first reported for shelled pteropods along the WAP 
and is higher than respiration rates observed for L. h. antarctica in the Ross Sea (Table 
6). Our average Q10 value (2.2 ± 1.9) is slightly lower than the value of 3.5 reported by 
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Hoshijima et al. (2017) for the Ross Sea, and mid-range for all pelagic gastropod 
molluscs (1.4 – 2.7) as summarized by Ikeda (2014). Our Q10 values are within the range 
(2-3) indicative of organisms living in their natural thermal range (Ikeda 1985), which 
shows L. h. antarctica may not have experienced acute physiologic stress in our high 
temperature treatments of 4°C. Indeed, Hoshijima et al. (2017) found that L. h. antarctica 
tolerated temperatures far higher (14°C) than in their current, natural environment (-2 to 
0°C). These results and ours suggest that L. h. antarctica are thermally tolerant of acute 
temperature changes. Identifying the sustained effects of warming on pteropod growth, 
energetics, and reproduction is an area of needed future research, but a challenge for 
these delicate and relatively long-lived polar species.  
Respiration rates for the other three WAP pteropod species largely also agree with 
previous work in other regions (Table 6). Our limited (n = 2) respiration rates for C. l. 
antarctica and S. australis generally agree with those reported by Suprenand et al. (2015) 
along the WAP when scaled to dry weight but are higher than those recorded in the Ross 
Sea (Table 6), which may again be attributed to differences in feeding environments and 
baseline metabolic rates of these species in different regions of the Southern Ocean. 
Alternatively, the populations may be cryptic species, which are increasingly identified 
by molecular methods in various pteropod groups (Maas et al. 2013; Burridge et al. 2015; 
Yamazaki et al. 2018), and may suggest underlying differences in physiology and 
sensitivity to climate change.  
4.2.2 Excretion of inorganic and organic compounds 
Nutrient excretion rates for all dissolved constituents increased significantly with 
increasing temperature, but only excretion of dissolved organic matter (DON, urea, and 
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DOP), as opposed to inorganic compounds (ammonia and phosphate), were significantly 
affected by food concentration. These results for nutrient excretion agree with metabolic 
theory in which increased temperature leads to increased metabolic rates due to enzyme 
kinetics (Dell et al. 2011). Further, these results indicate pteropod C, N, and P release is 
associated with metabolism, rather than other physiologic metrics including retention for 
structural components, which has been observed for other gelatinous zooplankton 
(Condon et al. 2010). 
Our mean ammonia and phosphate excretion rates for thecosome pteropods were 
generally higher compared to pteropods in other regions, providing important context for 
their contribution to WAP nutrient pools. L. h. antarctica ammonia excretion rate was 
higher than those reported in East Antarctica and the Ross Sea (Ikeda and Mitchell 1982; 
Maas et al. 2011), as was phosphate excretion (Ikeda and Mitchell 1982). Inorganic 
excretion rates recorded for C. pyramidata were also higher than those determined by 
Ikeda and Mitchell (1982) (Table 6). These differences are most likely because pteropods 
in our experiments were placed in whole seawater (containing phytoplankton and 
microzooplankton) and so were able to feed continuously, increasing their baseline 
metabolic rates, as opposed to rates measured from pteropods in filtered seawater as in 
Ikeda and Mitchell (1982). The effects of increasing inorganic nutrient excretion by 
pteropods under elevated temperatures can influence the phytoplankton community 
composition along the WAP, which are already undergoing changes (Schofield et al. 
2017), through stoichiometric shifts in dissolved inorganic nutrient pools (Alcaraz et al. 
2013). Estimates of zooplankton ammonia and phosphate excretion in the Arctic indicate 
the contribution to phytoplankton nutrient requirements will increase with increasing 
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temperature (up to 70% at a seawater temperature of 6ºC) (Alcaraz et al. 2013). These 
results suggest shifts in pteropod excretion through continued increasing temperatures in 
the WAP could modify inorganic dissolved nutrients and potentiallyaffect primary 
production. 
Zooplankton DOM excretion is a lesser known but important process contributing 
to DOM pools (Steinberg et al. 2000, Steinberg and Saba 2008, Condon et al. 2010). To 
our knowledge, there are no previously published excretion rates of DON and DOP for 
any Antarctic zooplankton species and no reported DOC and urea excretion rates for any 
pteropod in the Southern Ocean. Saba et al. (2012) report one of the few DOC excretion 
rates available for Antarctic krill, Euphausia superba, showing that DOC excretion rate 
increased by three-fold under high pCO2 conditions due to higher ingestion rates under 
this condition. We also suggest that increased ingestion under higher temperatures may 
explain the elevated DOC excretion rates in pteropods. Bacterial growth strongly depends 
on DOC concentrations in the Southern Ocean (Kähler et al. 1997; Trommer et al. 2012); 
therefore increased DOC production by pteropods could stimulate bacterial production in 
the WAP. Higher food concentration was also an important factor for pteropod DOM 
excretion in our study, particularly for DOP, and could indicate pteropods were grazing 
on phytoplankton with higher P than the canonical Redfield ratio. The release of DOP by 
gelatinous zooplankton, including pteropods, may have important implications for 
bacterioplankton and phosphorous cycling in coastal system (Karl and Bjorkman 2002; 
Condon et al. 2010), particularly as DOP is preferentially remineralized by bacteria (Loh 
and Bauer 2000). In addition, given the importance of DOM for phytoplankton growth 
(Bronk and Steinberg 2008), short-term increases in DOC and DON released by 
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pteropods under increasing temperatures could affect primary production in the WAP. 
Our measurements of pteropod excretion are important for quantifying their effects on 
biogeochemical cycling and resolving nutrient budgets in the WAP region. 
4.2.3 Elemental stoichiometry of metabolism 
The turnover of assimilated C, N, and P is linked to the metabolic environmental 
conditions (e.g., temperature) and elemental stoichiometric requirements of the animal 
(Sterner and Elser 2002; Condon et al. 2010), and thus rapid warming in the WAP could 
affect C, N, and P cycling in the region. Metabolic O2:N ratio is an indicator of lipid 
versus protein catabolism, which reflects the effects of environmental stressors on 
zooplankton energy reserves (Mayzaud and Conover 1988). Our results indicate that 
thecosome pteropods in the WAP have a protein-oriented metabolism in summer with 
elevated temperature inducing increased N excretion, and subsequently decreasing the 
O2:N ratio. Typically, an O2:N ratio less than 7 indicates protein-only catabolism, 
between 7-17 indicates protein-oriented catabolism, and ratios > 17  signify 
lipid/carbohydrate catabolism (Mayzaud and Conover 1988; Ikeda et al. 2000). L. h. 
antarctica O2:N ratios in our study ranged from 2 to 9 and decreased significantly with 
increasing temperature but were not affected by food concentration. The metabolic O2:N 
ratio for C. pyramidata was also low (4.4). Prior studies also indicate low O2:N ratios for 
Antarctic pteropods (7 to 12; Ikeda 2014).That L. h. antarctica O:N also tended towards 
protein-only metabolism with increasing temperature suggests an increased reliance on 
short-term energy reserves under stress. There was no apparent effect of food deprivation 
on L. h. antarctica O2:N ratio. Results from the few studies analyzing the effect of food 
deprivation on O2:N ratio of pelagic gastropods either found no significant effect (Ikeda 
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2014) or a 50% reduction, but only after days of starvation (Maas et al. 2011). Given our 
ratios were measured during the productive summer season in the WAP, these pteropods 
may not have been food limited, so were only relying on short-term energy reserves for 
their metabolism. We suggest increasingly warmer temperatures in the WAP could cause 
at least a short-term reliance on protein catabolism in thecosome pteropods through 
increased excretion, which may negatively affect their ability to allocate energy to other 
necessary physiologic processes (i.e., growth and reproduction). 
Non-Redfield excretion and recycling of elements seems to be the rule rather than 
the exception for zooplankton (Steinberg et al. 2002), but has rarely been examined in 
polar zooplankton species. On average, all combinations of ratios of respiration and 
excretion of C, N, and P from our study were below the canonical Redfield ratio, and the 
only significant environmental effect was a decrease in CO2:DIN metabolism with 
increasing temperature (Table 2). Along the WAP, macronutrients are normally replete in 
the surface waters (Henley et al. 2017) and show an onshore-offshore gradient driven by 
high primary productivity inshore (Pedulli et al. 2014). Nitrate, phosphate, and inorganic 
carbon are progressively enriched in subsurface waters mostly driven by local 
remineralization of organic matter and nutrient recycling in the upper water column (< 
200 m) (Henley et al. 2017). Therefore, nutrient recycling by zooplankton, including L. h. 
antarctica, likely plays an important role in fueling localized primary production in the 
summer. The below Redfield L. h. antarctica C, N, and P molar remineralization ratios 
also have implications for phytoplankton N/P uptake ratios since increased phytoplankton 
growth rates induced by zooplankton excretion have been observed under Redfield and 
nitrogen excess (Kähler et al. 1997; Trommer et al. 2012). Bacterial production could 
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also increase given their preference for low DOC:DON in surface waters (Cherrier et al. 
1996).  
 That there was no significant effect of temperature and food conditions on 
excreted DOC:DON indicates that these environmental stressors do not effect L. 
h.antarctica’s release of DOC relative to DON. Consideration of the biochemical makeup 
of the ingested food (proteins, lipids, carbohydrates), rather than simply its elemental 
(i.e., C:N) composition, may help predict the stoichiometry of zooplankton metabolism 
(Steinberg et al. 2000) as phytoplankton prey composition changes along the WAP 
(Montes-Hugo et al. 2009; Schofield et al. 2017).  
4.2.4 Effect of pCO2 on L. h. antarctica metabolism 
Our results indicate that temperature and food are more important controls over 
short time-scales for L. h. antarctica physiology than pCO2. There was no significant 
change in mean L. h. antarctica respiration or excretion rates under higher pCO2 
conditions that mimic pCO2 concentrations sourced from upwelling deepwater along the 
WAP. In the Ross Sea, L. h. antarctica exposed to high pCO2 conditions suppressed their 
metabolic rate (36-48 h exposure; Seibel et al. 2012), while Arctic L. helicina exposed to 
high pCO2 -high temperature conditions increased their metabolic rate (7 d exposure; 
Lischka and Riebesell 2012). As described in Maas et al. (2012), mechanisms of 
physiologic compensation can take up to 48-72 hrs. to take effect (Seibel and Walsh 
2003), therefore the metabolic responses measured in our experiments, after only 12 h. of 
exposure, may not be one of a final stable steady state and indicative of a response of 
chronic acidification. This has been demonstrated in other Limacina spp. where duration 
studies demonstrated shifts in gene experession after 1 day of exposure but no respiratory 
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effects of increased acidification until after 3 days (Maas et al. 2018). However, our 
short-term experiments provide insight into whether and how pteropods may be affected 
by sporadic exposure to environmental stressors in the dynamic WAP environment. 
Gardner et al. (2018) showed that ocean acidification and warming do not always act 
synergistically, with the effects of temperature more likely to be sub-lethal for L. h. 
antarctica in the Scotia Sea. They concluded that the short time-scale over which these 
effects were observed has important relevance to the environmental experience of 
pteropods in the Southern Ocean, which are most likely to be exposed to such conditions 







Identifying pteropod metabolic responses to environmental variability is key to 
determining the potential future effects of climate change on their physiology, which 
ultimately may affect their abundance. Our results indicate pteropod metabolism is most 
responsive on short time scales to temperature changes, as opposed to food concentration 
or ocean acidification conditions. Temperature is also seen as a driving factor in pteropod 
long-term abundance (Thibodeau et al. 2019, chapter 2). Increasing food concentration 
did not always act additively with elevated temperature to raise pteropod metabolic rates 
and played a more important role in controlling pteropod excretion rather than 
respiration, which (as indicated by metabolic O2:N ratio) increased reliance on short-term 
energy reserves. Zooplankton excretion and more generally their ability to regulate 
biogeochemical cycles has been understudied in the Southern Ocean, as a recent review 
of the effects of Antarctic krill (Euphausia superba) on biogeochemical cycling in the 
Southern Ocean concludes (Cavan et al. 2019). Since pteropods excrete a significant 
proportion of dissolved nutrients as DOM that can be readily used by microbes, they 
represent an major link to the microbial loop, which is projected to become increasingly 
important along the WAP with increased warming and sea ice loss (Sailley et al. 2013). 
As pteropods are ubiquitous in the Antarctic, their contribution to biogeochemical 
cycling, and how it is affected by shifting environmental conditions, is important to 
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Table 1. Mean elemental composition of pteropod species present along the Western Antarctic Peninsula. Thecosomes–Limacina 
helicina antarctica and Clio pyramidata; gymnosomes– Clione antarctica and Spongiobranchaea australis. Values are mean (± 1 
SD). WW, wet weight; DW, dry weight; SL, shell length; %C, carbon as a percentage of dry weight; %N, nitrogen as a percentage of 
dry weight; n, sample size (number of individuals analyzed). 
 
Species WW (mg) DW (mg) SL (mm) %C %N C:N n 
L. h. antarctica 52.22 ± 23.09 7.96 ± 2.89 6.10 ± 1.10 30.28 ± 6.14 7.59 ± 1.60 4.00 ± 0.35 291 
C. pyramidata 215.00 ± 30.47 40.47 ± 4.99 17.87 ± 2.09 33.06 ± 4.15 8.36 ± 0.71 3.94 ± 0.20 5 
C. l. antarctica 51.74 ± 33.99 20.59 ± 28.05 NA 41.95 ± 6.59 8.28 ± 2.00 5.37 ± 2.09 3 
S. australis 321.92 10.12 NA 48.35 5.05 9.58 1 
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Table 2. Results from the selected linear mixed effects models to assess the impact of 
temperature and food conditions on L. h. antarctica metabolic rates. Interaction term 
listed only if significant. df, degrees of freedom; * signifies a significant difference in 
metabolic rate with increasing temperature or food; DOC, dissolved organic carbon; 
DON, dissolved organic nitrogen; DOP, dissolved organic phosphorous; NH4, 
ammonium; PO4, phosphate; %Urea:DON, proportion of DON excreted as urea; O2:N, 
metabolic ratio of O2 consumed:NH4 excreted; %DOC, proportion of carbon metabolized 
(DOC excreted + CO2 respired) excreted as DOC; %DON, proportion of total nitrogen 
excreted (NH4  + DON) as DON; %DOP, proportion total phosphorous excreted (PO4  + 
DOP) as DOP; CO2:DIN, CO2, dissolved carbon dioxide to DIN, dissolved inorganic 
nitrogen (NH4) metabolic ratio; DIN:DIP, DIN to DIP, dissolved inorganic phosphorous 
(PO4) metabolic ratio; CO2:DIN, CO2 to DIP metabolic ratio: DOC:DON metabolic ratio. 
 
 
Model Temp Food Interaction df 
Respiration (O2) t = 2.06* t = -1.22  133 
Excretion (DOC) t = 2.81* t = -0.95  47 
Excretion (DON) t = 2.54* t = 0.25 t = -2.37* 44 
Excretion (DOP) t = 3.22* t = 11* t = 10.18* 13 
Excretion (NH4) t = 4.5* t = 0.78  98 
Excretion (PO4) t = 4.19* t = 0.55  81 
Excretion (Urea) t = 2.89* t = 2.69* t = -2.02* 91 
O2:N t = -2.15* t = -1.62  95 
%DOC  t = -0.06 t = -1.68  45 
%DON 
%Urea:DON 
t = 2.35* 
t = 1.49 
t = 1.52 
t = 3.68* 
t = -2.77* 
t = -4.13* 
44 
19 
%DOP t = 1.96* t = 3.57* t = -3.43* 13 
CO2:DIN t = -2.11* t = -1.65  80 
DIN:DIP t = 0.64 t = 0.23  80 
CO2:DIP t = -0.24 t = 0.61 t = -3.37* 80 
DOC:DON t = -1.11 t = -1.91 t = 2.95* 23 
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Table 3. Mean weight-specific metabolic rates (oxygen consumption and nutrient excretion) of pteropod species present along the 
Western Antarctic Peninsula under ambient/in situ temperature and food conditions. Thecosomes–Limacina helicina antarctica and 
Clio pyramidata; gymnosomes–Clione limacina antarctica and Spongiobranchaea australis. Excretion rates were only analyzed for 
thecosomes. All rates are mean (± 1 SD) and expressed in µmol gDW-1 hr-1. Sample size (n) = number of incubation bottles. All 




Species O2 DOC DON DOP NH4
 PO4
 Urea n 
L. h. antarctica 28.86 ± 9.08 8.79 ± 5.09 8.81 ± 6.40 1.29 7.24 ± 3.64 0.56 ± 0.19 8.08 ± 13.48 1-36 
C. pyramidata 25.4 ± 8.70 7.20 ± 4.09 6.79 ± 1.15 0.58 5.73 ± 0.69 0.59 ± 0.16 0.72 ± 0.52 1-7 
C. l. antarctica 26.47 ± 12.55 NA NA NA NA NA NA 2 
S. australis 24.39 ± 19.5 NA NA NA NA NA NA 2 
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Table 4. Pteropod Limacina helicina antarctica metabolic rates under high (predicted 
future) CO2 (845 ± 342 µatm) and low (pre-industrial) CO2 (203 ± 44 µatm) conditions. 
















 High CO2 (µmol g-1 hr-1) n Low CO2 (µmol g-1 hr-1) n 
O2 25.45 ± 3.01 6 22.70 ± 9.00 6 
NH4 7.30 ± 0.21 3 6.03 ± 3.27 3 
Urea  0.40 ± 0.21 3 0.38 ± 0.04 3 
DOP 0.29 ± 0.04 3 0.22 ± 0.17 3 
PO4 0.30 ± 0.03 3 0.22 ± 0.11 2 
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Table 5. Remineralization ratios (molar) of C, N, and P for the pteropod Limacina 
helicina antarctica. CO2, respiration of carbon dioxide; DIN, dissolved inorganic 
nitrogen (NH4 excretion); DIP, dissolved inorganic phosphorus (PO4
 excretion); DOC, 
dissolved organic carbon excretion; DON, dissolved organic nitrogen excretion. All ratios 
are means (± 1 SD) calculated from concentrations measured after incubations for ~12 h 
in single-end point experiments (see Methods). For comparison, the “classic” Redfield 

















Ratio Value n 
CO2:DIN 4 ± 1 103 
DIN:DIP 14 ± 9 103 
CO2:DIN:DIP 61:14:1 103 
DOC:DON 4 ± 5 30 
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Table 6. Comparison of studies measuring Southern Ocean adult pteropod respiration or excretion. Values are mean (± 1 SD). Rates 
listed are for those reported under ambient/in situ temperature, food, and pCO2 conditions, with the exception of experiments 
conducted in filtered seawater (shown below as Chl a = 0). 
 
 
aCalculated from Table 2 in Ikeda and Mitchell (1982) assuming 1 µmol = 22.391 µL 
bCalculated from Table 1 in Seibel et al. (2007), assuming mean WW = 6.25 mg, DW = 1.45 mg (Maas et al. 2011) 
cCalculated with WW = 4.8-4.1 mg, DW = 1.44-1.29 mg (Maas et al. 2011) 
dCalculated from Table 1 in Seibel et al. (2012), assuming mean WW = 4.85 mg, DW = 1.46 mg (Maas et al. 2011) 
eCalculated from Table 1 in Seibel et al. (2007), assuming median WW = 121 mg, and median DW = 15.83 mg (Seibel et al. 2007) 
fCalculated from Table 1 in Maas et al. (2011), assuming mean WW = 189 mg, and mean DW (Maas et al. 2011) 
gCalculated from Table 2 in Suprenand et al. (2015), assuming mean WW = 100 mg, and mean DW (this study) 
hCalculated from Table 2 in Ikeda and Mitchell (1982), assuming 1 µg NH4 L-1 = 0.77 µg N L-1 and 1 µg NH4 L-1 = 0.055 µmol NH4 L-1 
iCalculated from Figure 3 in Maas et al. (2011), assuming WW = 4.8 mg, DW = 1.34 mg (Maas et al. 2011) 
jCalculated from Table 2 in Ikeda and Mitchell (1982), assuming 1 µg PO4 L-1 = µg P L-1 and 1 µg PO4 = 0.01 µmol PO4
 
Parameter                 Species Value Location T (°C) Chl a (µg/L) Reference 
Respiration 
(µmol O2 gDW-1 hr-1) 
L.h. antarctica 28.9 ± 9.1 
22.3 ± 21.3a 











Ikeda and Mitchell (1982) 
Seibel et al. (2007) 
  14.5 ± 3.8c  -2 0.7 ± 0.2 Maas et al. (2011) 
  13.9 ± 6.7d  -2 1.6 ± 2.9 Seibel et al. (2012) 
Respiration C. pyramidata 19.9 ± 4.6 WAP 2 6.28 This study 
(µmol O2 gDW-1 hr-1)  18.3 ± 15.1a Wilkes Land -1 0 Ikeda and Mitchel (1982) 
Respiration 
(µmol O2 gDW-1 hr-1) 
C. l. antarctica 26.5 ± 12.5 
11.3 ± 13.7a 
15.9 ± 4.9e 











0.7 ± 0.2 
This study 
Ikeda and Mitchell (1982) 
Seibel et al. (2007) 
Maas et al. (2011) 
  14.3 ± 6.5g WAP 0.5 0 Suprenand et al. (2015) 
Respiration 
(µmol O2 gDW-1 hr-1) 
S. australis 24.4 ± 19.5  








Suprenand et al. (2015) 
NH4 excretion 
(µmol NH4 gDW-1 hr-1) 
L.h. antarctica 8.8 ± 1.2 








Ikeda and Mitchell (1982) 
  1.5i Ross Sea -2 0 Maas et al. (2011) 
PO4 excretion L.h. antarctica 0.7 ± 0.2 WAP 2 1 This study 
(µmol PO4 gDW-1 hr-1)  0.3 ± 0.2j Wilkes Land -1 0 Ikeda and Mitchell (1982) 
NH4 excretion 
(µmol NH4 gDW-1 hr-1) 
C. pyramidata 5.7 ± 0.7 








Ikeda and Mitchell (1982) 
PO4 excretion 
(µmol PO4 gDW-1 hr-1) 
C. pyramidata 0.6 ± 0.2 








Ikeda and Mitchell (1982) 
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Table S1. Carbonate chemistry conditions under high (predicted future) CO2 (845 ± 342 
µatm) and low (pre-industrial) CO2 (203 ± 44 µatm) conditions. Values are mean (± 1 
SD) of initial and final (12 hr) measurements. Sample size n = 7 bottles for high CO2 
treatment and n = 6 bottles for low CO2 treatment. DIC, dissolved inorganic carbon; TA, 
total alkalinity, Ωar aragonite saturation.  
 
   High CO2  Low CO2  
DIC (µmol kg-1) 2197.56 ± 10.67 2013.12 ± 16.76 
TA (µmol kg-1) 2228.28 ± 14.02 2233.12 ± 6.13 
pH  7.76 ± 0.09 8.30 ± 0.05 
Ωar 0.78 ± 0.13 2.34 ± 0.21 
 172 
Table S2. Mean Limacina helicina antarctica metabolic rates for the four treatment 
types. Rate (mean ± SD) are in µmol gDW-1 hr-1. O2, oxygen consumption; DOC, 
dissolved organic carbon excretion; DON, dissolved organic nitrogen excretion; DOP, 
dissolved organic phosphorous excretion; NH4, ammonia excretion; PO4, phosphate 
excretion. Treatment conditions are as follows: LF, low food; HF, high food; LT, low 
temperature; HT, high temperature; n, sample size.  
 
 
Nutrient Condition Rate n  
O2 LFHT 37.61 ± 9.48 42 
O2 HFHT 30.22 ± 12.5 11 
O2 LFLT 31.07 ± 9.13 74 
O2 HFLT 28.86 ± 9.08 36 
DOC LFHT 21.72 ± 17.26 13 
DOC HFHT 16.41 ± 11.47 14 
DOC LFLT 11.94 ± 10.42 15 
DOC HFLT 8.79 ± 5.09 12 
DON LFHT 23.34 ± 9.46 10 
DON HFHT 8.14 ± 7.20 10 
DON LFLT 12.27 ± 13.3 15 
DON HFLT 8.81 ± 6.40 7 
DOP LFHT 0.12 ± 0.09 7 
DOP HFHT 0.08 ± 0.21 8 
DOP LFLT 0.05 ± 0.00 5 
DOP HFLT 1.29 1 
NH4 LFHT 9.79 ± 3.89 24 
NH4 HFHT 9.97 ± 2.61 23 
NH4 LFLT 8.40 ± 3.30 23 
NH4 HFLT 7.24 ± 3.64 22 
PO4 LFHT 0.74 ± 0.43 26 
PO4 HFHT 1.18 ± 1.38 27 
PO4 LFLT 0.54 ± 0.18 28 
PO4 HFLT 0.56 ± 0.19 26 
Urea LFHT 4.60 ± 4.64 28 
Urea HFHT 3.66 ± 4.50 23 
Urea LFLT 2.67 ± 4.16 26 
Urea HFLT 8.08 ± 13.48 25 
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Figure 1. Map of PAL LTER study region and experiment/incubation locations 
(triangles). Study region (highlighted in box) relative to the Antarctic continent. Shades 
of gray illustrate bathymetry, with light gray indicating the continental shelf and dark 
gray the continental slope and abyssal plain. Shelf break is represented by light/dark gray 
interface near 1000 m, extending down to 3000 m (Ducklow et al. 2012a). The 
continental shelf is roughly 200 km wide and 430 m deep on average. PAL LTER grid 
lines are numbered from 600 to −100 and distanced 100 km apart (Waters and Smith 
1992). Individual stations for a given grid line are 20 km apart. An, Anvers Island, the 





Figure 2. Diagram of shipboard multifactorial experiments conducted exposing Limacina 
helicina antarctica to ambient (in situ) temperature and food (chl a) concentration, along 
with elevated temperature and decreased food concentration. (A) Seawater for 
experiments using a Conductivity, Temperature, Depth (CTD)/rosette was collected and 
added to four, 10 L, acid-cleaned carboys. Pteropods of similar size were gently placed 
into 2 L jars filled with whole seawater collected in situ for at least 2 hrs. (B) Pteropods 
were acclimated at the respective temperature and food conditions for 2 hrs. before (C) 
placement in incubation bottles for 12 hr. experiments. Ambient food concentration in 
dark green and diluted food in light green. Ambient temperature in blue and elevated 




Figure 3. Scaling relationships between Limacina helicina antarctica shell length, 
weight, and elemental composition. (A) Shell length vs. wet and dry weights (WW and 
DW, respectively) (WW: y = 1.89x – 3.58, adjusted R2 = 0.38, p < 0.0001; DW: y = 
12.93x – 26.6, adj. R2 = 0.52, p < 0.0001, n = 291) (B) Shell length vs. carbon (C) and 
nitrogen (N) content (C: y = 0.58x – 1.2 adj. R2 = 0.57, p < 0.0001; N: y = 0.14x – 0.3 
adj. R2 = 0.55, p < 0.0001, n = 291) (C) Dry weight vs. C and N content (C: y = 0.23x + 





Figure 4.  Oxygen concentration measured continuously during a 12-hr. incubation 
compared to timepoint measurements. Continuous bottle measurements were taken every 
3 seconds (points); time point measurements taken every 2 hrs. (X’s). Each of the three 




Figure 5.  Limacina helicina antarctica weight-specific metabolic rates measured as a 
function of increasing food (chl a) concentration and temperature conditions. (A) 
Respiration rate as a function of increasing temperature. Colored circles indicate the 
corresponding food concentration for that treatment. (B) Respiration rate as a function of 
increasing food. Colored circles indicate the corresponding temperature condition for that 
treatment. (C) Dissolved organic carbon (DOC) excretion rate as a function of increasing 
temperature. Colored circles indicate the corresponding food condition for that treatment. 
(D) Ammonia (NH4) excretion rate as a function of increasing temperature. Colored 
circles indicate the corresponding food condition for that treatment. Data for each 
temperature and food treatment were averaged to produce 2-dimensional figures but were 
treated as individual units for linear mixed effects models. Regression lines for single 
linear relationships are shown (for linear mixed effects models that were significant; see 
Results). Regression statistics are as follows: (A) Respiration: R2 = 0.17, p = 0.006; (C) 
DOC excretion: R2 = 0.06, p > 0.05; (D) NH4 excretion: R




Figure 6. Mean excretion rates of inorganic and organic dissolved nutrients by Limacina 
helicina antarctica under different temperature and food (chl a) conditions. Excretion of 
DOC and respiration of CO2 under increasing temperature (A) and food (B). Excretion of 
DON and NH4 with increasing temperature (C) and food (D). Excretion of DOP and PO4 
with increasing temperature (E) and food (F). Error bars are 1 standard deviation. Sample 
size for each temperature and food condition indicated above error bars.   
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Figure 7. Mean proportion of dissolved organic C, N, and P excreted relative to the total 
of that element metabolized by Limacina helicina antarctica under different temperature 
and food (chl a) conditions. Excretion of DOC relative to total carbon metabolized (CO2 
respired + DOC excreted) under increasing temperature (A) and food (B). Excretion of 
DON relative to total nitrogen excreted (DON + ammonia) with increasing temperature 
(C) and food (D). Excretion of DOP compared to total phosphorus excreted (DOP + 
phosphate) with increasing temperature (E) and food (F). Error bars are 1 standard 




Figure 8. Limacina helicina antarctica metabolic O2:N (O2 consumption:NH4 excretion) ratio as a function of increasing temperature 
(A) and food concentration (B). Regression line for single linear relationship shown (for linear mixed effects models that were 












The feeding ecology and microbiome of the pteropod Limacina helicina antarctica as 



















The abundant pteropod (pelagic snail), Limacina helicina antarctica, is an 
important grazer in the Western Antarctic Peninsula (WAP). We examined the gut 
microbiome and feeding ecology of L. h. antarctica in summer 2017 by analyzing gut 
contents with high-throughput sequencing of 16S and 18S rRNA genes along latitudinal 
and coastal-slope gradients of the WAP. This is the first report describing prokaryotic and 
eukaryotic composition of a pteropod gut microbiome. The gut eukaryotic sequences 
indicate pteropods are generally herbivorous in summer, predominantly feeding on 
diatoms (especially Pseudo-nitzschia) and nanophytoplankton, such as Imantonia 
(haptophyte), but supplementing their diet with microzooplankton (ciliates). 
Dinoflagellates were also present in most guts and on average comprised 26% of the 
eukaryotic relative abundance. There was no statistically significant spatial difference in 
the gut eukaryotic community, but L. h. antarctica gut prokaryotic community 
composition in the Far South sub-region was distinct from the other sub-regions. 
Mollicutes bacteria were a cosmopolitan component of the gut microbiome, but rare in 
surrounding seawater; other relatively abundant classes (Alphaproteobacteria and 
Bacteroidia) in the gut microbiome reflected the composition of the surrounding seawater 
microbial community. Metagenomic analysis confirmed the same taxa as dominant 
prokaryotic and eukaryotic members in L. h. antarctica’s gut. Determining L. h. 
antarctica’s microbiome and gut contents aid in our understanding of L. h. antarctica as a 





The abundant pteropod (pelagic snail), Limacina helicina antarctica, has one of 
the highest grazing rates among zooplankton in the Western Antarctic Peninsula (WAP) 
(Bernard et al., 2012), a region of rapid climate change. However, the feeding ecology of 
L. h. antarctica has not been well characterized and its microbiome has never been 
examined. In the past half century the WAP has experienced unprecedented increases in 
air and sea surface temperature, ocean heat content, and wind speed (Vaughan et al. 
2003; Meredith and King 2005); this warming has plateaued in the coastal WAP over the 
past two decades, and an increase in sea ice and its interannual variability has occurred 
(Henley et al. 2019). A consequence of regional warming is a latitudinal climate gradient 
along the WAP, characterized by a wet and warmer subpolar climate in the North and a 
dry and colder polar climate in the South; these warmer, subpolar conditions are expected 
to propagate down the WAP in the future (Ducklow et al. 2012).  
Shifts in summer macrozooplankton abundance and composition have occurred in 
the WAP over time (Ross et al. 2008, 2014; Steinberg et al. 2015), and while L. h. 
antarctica abundance over the past 25-yrs has remained stable overall, a sub-regional 
long-term increase has occurred in the offshore, slope region which is attributed to a 
shortened sea ice season in spring/summer that favors longer periods of open water for 
feeding (Thibodeau et al. 2019, chapter 2). Since pteropod biogeography can be 
influenced by the availability of food, examining the feeding ecology of L. h. antarctica 
will aid in identifying mechanisms controlling their abundance and distribution within 
this dynamic region of the Southern Ocean. Furthermore, identification of the gut 
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microbiome contributes to our understanding of marine microbial diversity, and the 
influence of host-microbe interactions on microbial populations (Troussellier et al. 2017). 
Limacina spp. feeding, similar to other thecosome (shelled) pteropods, occurs 
through the production of a mucous web that collects particles in the water column 
(Gilmer and Harbison 1986) although feeding can also occur solely through ciliary action 
(Morton 1954). Limacina spp. feed motionless with wings extended to maintain neutral 
buoyancy and successfully form their mucous web, which is secreted by the pallial gland 
as water passes through the mantle cavity. Ciliary action moves the mucus and particles 
under the wing and into the mouth through currents produced in the mantle cavity 
(Gilmer and Harbison 1986) and the discarded mucous webs form a major component of 
marine snow, facilitating carbon export to depth (Lalli and Gilmer 1989; Steinberg and 
Landry 2017).  
Thecosome pteropods have typically been considered generalist, suspension-
feeding omnivores because they use a mucous web to feed (Lalli and Gilmer 1989) with 
gut and fecal content containing large numbers of phytoplankton (Hopkins 1987). 
Fragments of larger, fast-moving organisms, such as tintinnids, found in the gut signifies 
that the mucus may act more as a trap for larger organisms rather than a screen for 
collecting tiny particles (Hopkins and Torres 1989; Gilmer and Harbison 1991). The food 
content of Limacina spp. has only been described from a few qualitative analyses of gut 
contents and only four studies have analyzed gut content of thecosome pteropods in the 
Southern Ocean (Hart in Morton 1954; Hopkins 1987; Hopkins and Torres 1989; Richter 
1977 in Lalli and Gilmer 1989). Based on these analyses, pteropods mainly fed on 
phytoplankton and small protozoa (Lalli and Gilmer 1989; Hunt et al. 2008). A recent 
185 
 
study analyzing thecosome guts with stable isotope techniques in the Indian sector of the 
Southern Ocean found a trophic position indicative of primary and secondary consumer 
behavior (Weldrick et al. 2019). While microscopy, fatty acid, and isotopic techniques 
are useful methods, there are limitations including lack of specificity in the prey (i.e., 
stable isotopes), difficult identification of smaller cells, and breakage of fragile cells (i.e., 
microscopy).  
High-throughput (next-generation) sequencing has provided an increased 
understanding of the diversity and succession of prokaryote and eukaryote communities 
throughout the Southern Ocean and along the WAP. Luria et al. (2014) amplified 16S 
and18S rRNA genes from water samples collected along the WAP and detected a 2-fold 
higher eukaryotic richness in the northern WAP while bacterial and archaeal richness was 
not significantly different from North to South. In Northern Marguerite Bay, Rozema et 
al. (2016) utilized high-throughput sequencing to identify large pennate diatoms (> 20 
µm) dominating the community composition in December, followed by large centric 
diatoms in January and February during high phytoplankton biomass years. 
Nanophytoplankton (< 20 µm) which were mostly cryptophytes and haptophytes, 
dominated during low phytoplankton biomass years (Rozema et al. 2017), which reflects 
similar long-term trends between phytoplankton size class and chlorophyll biomass along 
the WAP (Montes-Hugo et al. 2009; Schofield et al. 2017). Finally, Lin et al. (2017) 
conducted high-throughput 18S rRNA sequencing and determined a diverse plankton 
system along the WAP of ~464 operational taxonomic units (OTUs) with at least 97% of 
reads dominated by large diatoms, colonial Phaeocystis, and mixotrophic/phagotrophic 
dinoflagellates. However, the studies of zooplankton microbiomes (host bacterial 
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community) are limited in polar regions. The only prior zooplankton microbiome study in 
the Antarctic analyzed the microbiome of the Antarctic Krill, Euphausia superba, 
utilizing high-throughput sequencing of 16S rRNA genes (Clarke et al. 2019). They 
found different microbes from those in surrounding seawater as well as distinct 
communities inhabiting the moults, digestive tract, and fecal pellets, which contribute to 
overall microbial diversity in the Indian Sector of the Southern Ocean (Clarke et al. 
2019). Pteropods, like the Antarctic Krill, are likely to have distinct bacterial 
communities in their guts compared to seawater (Tang et al. 2010; Troussellier et al. 
2017), but these communities are difficult to determine with traditional microscopic 
examination.  
The use of amplicon-based sequencing methods enables the determination of the 
prey field in the water column as well as within the gut immediately prior to capture. This 
method provides a better understanding of the gut contents in situ at a specific time and 
location as opposed to other biomarker methods that integrate prey consumed over 
months (i.e., stable isotopes) (Cleary et al. 2018). A blocking primer developed for E. 
superba and subsequent cloning and sequencing analysis of the amplicons enabled 
detection of 96 prey sequences including four phytoplankton types and a ciliate 
(Vestheim and Jarman 2008). Cleary et al. (2018) recently used the blocking primer for 
18S rRNA gene analysis of E. superba gut contents and identified diverse prey including 
phytoplankton, copepods, ciliates, and even pteropods. However, no studies have utilized 
high-throughput sequencing techniques to examine pteropod feeding ecology, or their 
microbiome, despite their importance as a grazer in the Southern Ocean. 
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The objectives of this study were to examine regional shifts in L. h. antarctica 
feeding along the WAP by analyzing their gut contents and compare the gut microbiome 
composition with surrounding seawater communities using high-throughput sequencing 
of small ribosomal subunit (SSU/16S/18S) rRNA genes. In addition, traditional 
microscopic examination and shotgun metagenomic sequencing were conducted to 
validate the findings based on 16S and 18S sequence analyses. We were able to reveal an 
unprecedented taxonomic resolution of pteropod gut contents compared to prior studies 





2.1 Study region 
The Palmer Antarctica Long Term Ecological Research (PAL LTER) study 
region is located west of the Antarctic Peninsula, spanning approximately 700 km from 
North to South, and 200 km from the Peninsula coast to the continental slope offshore 
(Ducklow et al. 2007, 2012) (Fig. 1). Grid lines are spaced 100 km apart perpendicular to 
the WAP, with stations spaced 20 km apart along each grid line (Waters and Smith 
1992). The grid is divided into latitudinal sub-regions based on hydrographic and sea ice 
conditions as in Steinberg et al. (2015) as follows: ‘North’ (lines 600, 500, and 400), 
‘South’ (lines 300 and 200), and ‘Far South’ (100, 000, and -100), and a coast-shelf-slope 
(on to offshore) gradient as follows: ‘coast’ (suffix .000 and .040), ‘shelf’ (.100), and 
‘slope’ (.200) (Martinson et al. 2008) (Fig. 1). Sampling for this study occurred during 
the PAL LTER 2017 summer research cruise (30 December 2016 -10 February 2017) 
aboard the ARSV Laurence M. Gould.  
 
2.2 Pteropod and seawater sampling 
L. h. antarctica were collected with a 2 m, square-frame, 700 µm mesh net, towed 
obliquely to 120 m (Steinberg et al. 2015, Thibodeau et al. 2019, chapter 2). Net depth 
was determined real-time with a depth sensor attached to the bottom of a conducting wire 
and verified with a temperature-depth recorder. A General Oceanics flow meter 
positioned in the center of the net mouth was used to calculate volume filtered. Nine 
stations were sampled during this cruise for L. h. antarctica gut contents and at least ten 
individual guts from pteropods collected at each station were dissected onboard and 
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immediately frozen at -80°C (Fig. 1). To compare gut contents with prey available in the 
water, corresponding seawater samples were collected when available at six of the nine 
pteropod collection sites with a Conductivity Temperature Depth (CTD)/rosette, filtered 
onto a 0.2 µm nuclepore filter, and frozen at -80°C. 
 
2.3 Molecular analysis 
2.3.1 16S and 18S rRNA gene amplicon sequencing 
We examined regional shifts in L. h. antarctica microbiome and prey along the 
WAP by analyzing L. h. antarctica gut contents with high-throughput sequencing of 
small ribosomal subunit rRNA genes, targeting 16S and 18S rRNA genes of prokaryotes 
and eukaryotes. Total DNA was extracted from the gut using DNeasy Blood and Tissue 
kit (Qiagen) following the manufacturer’s instructions. DNA concentration was 
quantified with Qubit© fluorometer (Invitrogen). To obtain appropriate levels of 
quantifiable DNA, three guts were combined to make one sample for sequencing for a 
total of two to three samples per station depending on DNA quantity. Only one water 
sample was taken at each of the corresponding sampling stations due to availability. A 
total of 25 L. h. antarctica gut samples (from nine sampling stations, 2-3 replicates per 
station) and six water samples (from six corresponding stations) were analyzed (Table 1). 
L. h. antarctica gut samples were amplified with triplicate polymerase chain reactions 
(PCR) (25 µl volume), primers, and GoTaq Green Master Mix (Promega), magnesium 
chloride (MgCl2), and Bovine Serum Albumin (BSA). Water samples were amplified 
with PCR (25 µl volume), primers, and GoTaq Green Master Mix only. Primers 515F-Y 
and 926R targeting both 16S and 18S rRNA genes were used (Quince et al. 2011). This 
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primer pair encompasses both the V4 and V5 hypervariable regions of 16S and 18S 
rRNA genes and matches 86% of eukaryotic 18S rRNA (Parada et al. 2016). To optimize 
amplification, PCR cycling condition for L. h. antarctica guts was 94°C for 3 min, 
followed by 30 cycles of denaturation at 94°C for 1 min, annealing at 54°C for 2 min, and 
extension at 68°C for 1 min. PCR cycling condition for corresponding water samples was 
95°C for 3.5 min, followed by 25 cycles of denaturation at 95°C for 30 sec, annealing at 
55°C for 1 min, and extension at 75°C for 1 min. The PCR products from each sample 
were purified with the HighPrep PCR© (MagBio) protocol using magnetic beads. The 
purified PCR product (5 µl) was used for Stage 2 PCR (Index PCR). The index PCR 
product was purified according to the Mag-Bind© TotalPure NGS protocol (Omega Bio-
tek). The purified index PCR products were quantitated using the Qubit© fluorometer 
(Invitrogen) and normalized to 4 nM. These amplicon products were then used as 
templates for the sequencing run on the MiSeq system (Illumina).  
 
2.3.2 Bioinformatic pipeline and statistical analyses 
Bioinformatics of the 16S/18S rRNA high-throughput sequences were conducted 
using the DADA2 package (Callahan et al. 2016) and visualized with Phyloseq 
(McMurdie and Holmes 2013). To increase the identification of eukaryotic (18S) 
sequences, sequences from each station’s combined (three-gut) sample were pooled 
together and only forward sequence reads were analyzed with DADA2; However, 
sequence pooling decreased the statistical power of Principal Coordinates Analysis 
(PCoA) in downstream analyses. Triplicate samples were visually analyzed with PCoA to 
insure adequate similarity before pooling sequences together (not shown). For quality 
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trimming, forward reads were filtered with a 215 bp cutoff. Quality filtering, 
dereplication, sample inference, and chimera removal were performed. Amplicon 
sequence variants (ASVs) were determined and taxonomic classification of the ASVs 
were analyzed based on the Silva v132 database (https://www.arb-silva.de/) (Yilmaz et 
al. 2014). A cutoff of 1,000 sequences was determined for gut and water samples given 
the relatively low diversity of the samples (Table 1).  
Diversity was estimated with rarefied sequences of gut and water samples using 
the Phyloseq package (McMurdie and Holmes 2013). Rarefaction, Ace, Chao, and 
Shannon diversity indices were used to determine sample coverage, richness, and α-
diversity (richness and evenness), respectively. Taxa within the guts were compared 
amongst each other (β-diversity) and to those in surrounding seawater with PCoA using 
the vegan package with Bray-Curtis dissimilarity distances (Okasnen et al. 2019). 
Significant effects of sampling location in prokaryote and eukaryote community 
dissimilarity were tested by multivariate permutational ANOVA (PERMNOVA) using 
the adonis function of the vegan package (Okasnen et al. 2019). PCoA plots were 
visualized using the ggplot2 package (Wickham 2016). Most PCoA analyses violated the 
assumption of homogeneity of dispersion due to low sample size so results were 
insignificant. In order to identify eukaryotic 18S sequences indicative of L. h. antarctica 
prey, L. h. antarctica host 18S sequences were removed from samples for PCoA and 
relative abundance analyses. A sufficient number of 18S sequences were still maintained 
except for the gut samples from 300.040 and 100.040, which were removed from 
subsequent analyses. In addition, chloroplast 16S rRNA gene sequences were analyzed 
separately from other 16S and 18S rRNA genes in both water and gut samples with the 
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Ribosomal Database Project (RDP) classifier (Wang et al. 2007). For visualization 
purposes, the relative abundance of each class was calculated by dividing the number of 
assigned sequences in each class by the total number of sequences. The classes with 
 > 0.5% of relative abundance in the microbiome were considered as dominant taxa in the 
gut of L. h. antarctica. The same procedure was followed for determining relative 
abundance of chloroplast 16S at the genus level. Relative abundance was visualized using 
the ggplot2 package (Wickham 2016). One-way ANOVA was used to analyze statistical 
differences in diversity of prokaryotes and eukaryotes in different gut samples. Statistical 
analyses of water samples and statistical differences in relatively abundant gut taxa at the 
class level violated assumptions of ANOVA due to low sample size; Therefore, statistical 
analyses were not conducted on these communities. All statistical and bioinformatic 
analyses were performed in R statistical framework version 3.6.0 (R Statistical Core 
Team 2019). 
 
2.3.3 Shotgun metagenomic gene sequencing 
Shotgun metagenomic sequencing was conducted to compare the prokaryotic and 
eukaryotic taxa found in the guts based on 16S and 18S amplicon sequences. One 
triplicate L. h. antarctica gut sample with sufficient DNA from three select stations along 
the North to South sampling gradient of the WAP (stations 600.200, 300.200, and 
100.040) was selected for metagenomic analysis. Sample libraries were prepared using 
Nextera DNA Sample preparation kit (Illumina) following the manufacturer's user guide. 
The initial concentration of DNA was evaluated using the Qubit© dsDNA HS Assay Kit 
(Life Technologies) and 30-50 ng DNA was used to prepare the libraries. Sequencing 
193 
 
was performed by MR DNA (Molecular Research LP) with the HiSeq system (Illumina). 
Generated Fastq files for each sample were visualized in FASTQC version 0.111.14 
(Andrews 2015) to control for sufficient quality scores. Sequences were trimmed to 
obtain quality scores above 30 in Trimmomatic (Bolger et al. 2014). Trimmed and 
filtered sequences were processed through Metaxa2 (Bengtsson-Palme et al. 2015) for 
taxonomic identification. The classes with > 0.5% relative abundance of detected 16S and 
18S sequences in each metagenome were considered ‘dominant taxa’ in the gut of L. h. 
antarctica. 
 
2.4 Microscopic analysis 
Qualitative gut content analysis using microscopy was performed in conjunction 
with high-throughput sequencing to ground-truth L. h. antarctica gut contents on a coarse 
taxonomic scale. Five additional L. h. antarctica samples per station were collected and 
guts dissected for microscopic analysis. These samples were collected from the same 
three select stations along the North to South sampling gradient of the WAP that were 
used for amplicon and metagenomic sequencing (stations 600.200, 300.200, and 
100.040). Sample preparation and analysis followed methods in Wilson and Steinberg 
(2010).  L. h. antarctica guts were dissected and smeared on a microscopic slide with a 
probe. Autofluorescing red (chl a-containing phytoplankton) and yellow (cyanobacteria 
phycoerythrin- and phycocyanin accessory pigments) cells were analyzed with an 
Olympus BX53F compound epifluorescence microscope under blue and green excitation 
filters, respectively. Digital images were taken with an Olympus DP71 digital camera and 





3.1 Surface seawater community assemblages with amplicon-based sequencing 
A total of 58,328 clean, trimmed 16S/18S rRNA gene sequences were obtained 
from six water samples. Average number of 16S sequences was 7,758 ± 1,720 (mean ± 
standard error) (Table 1). There was adequate coverage of all samples for 16S sequences 
as determined by observed ASVs (53.83 ± 7.74). There was no regional difference in 
diversity among sampling stations (mean ± SE = 1.60 ± 0.17), but diversity generally 
decreased from North to South (3.85 to 2.78, Shannon index) except in the Far South, 
coastal station (100.040) (Table 1). Average number of 18S sequences was 788 ± 279 
(Table 2). Samples were moderately covered for 18S sequences as determined by 
observed ASVs (5.33 ± 0.88) based on rarefaction analysis. There was no significant 
regional difference in diversity among sampling stations, but diversity generally 
decreased from North to South (1.99 to 1.02, Shannon index) (Table 2).  
A PCoA performed on L. h. antarctica gut samples and water samples from the 
same locations showed a significant difference between the gut and water communities 
(PERMNOVA, p = 0.001, Fig. 2); Therefore, gut and water samples were analyzed 
separately for further community composition analyses. A subsequent PCoA performed 
with only water samples did not indicate a significant spatial difference among sampling 
stations (PERMNOVA, p > 0.05, Fig. 3) although there was more apparent separation 
between the slope and coastal stations (Fig. 3b).  
In surface seawater, prokaryotes Bacteroidia and Alphaproteobacteria comprised 
the largest proportion of the community for all samples (Fig. 4a), as they represented on 
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average 35% ± 5% of prokaryote sequences in water samples, regardless of station 
location. Among the water samples, the greatest differences in prokaryotic composition at 
the class level between sites were primarily in southern coastal and shelf stations due to 
high relative abundances of Bacteroidia (300.040), Spirochaetia (200.000), and 
Deinococci (100.040). Gammaproteobacteria only contributed to a proportion of the 
community at slope stations 600.200 and 300.200, and Far South shelf station 100.100 
(Fig. 4a).  
Eukaryotic phytoplankton groups (e.g., Bacillariophyceae, Coscinodiscophyceae, 
Diatomea, Dinophyceae, and Haptophyta) were represented in all samples and were most 
abundant at the North and South stations (600.200, 300.200, 300.040, and 200.000. 
Diatomea (diatoms) represented on average 19% ± 6% of total sequences for all 
eukaryote community water samples, regardless of station location (Fig. 4b). Other 
phytoplankton classes ranged in relative abundance from 10% (e.g., Haptophyta at 
600.200) to 30% (e.g., Dinophyceae at 300.200). Non-phytoplankton eukaryotes were 
relatively less abundant (i.e., < 0.5%) except for eukaryotic fungi, 
Schizosaccharomycetes, which were 35% of the eukaryotic community at the South coast 
(300.040) and 80% ± 4% in the Far South (100.100, 100.040). 
 
3.2 Characterization of pteropod microbiome and gut contents with amplicon-based 
sequencing   
 
A total of 487,903 clean, trimmed 16S/18S rRNA gene sequences were obtained 
from 25 L. h. antarctica gut samples. In order to obtain an adequate number of eukaryotic 
sequences, samples were combined by station for downstream analyses and yielded 
43,506 ± 15,328 for 16S and 30,063 ± 6,294 for 18S sequences (Tables 1 and 2). When 
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pteropod host 18S and gut 16S chloroplast sequences were subtracted from the other gut 
18S sequences, 286 ± 117 sequences were available for analysis of 18S. Prokaryotic and 
eukaryotic diversity in guts was lower than in surrounding water (ANOVA, p = 0.01); 
However, there was no statistically significant difference in prokaryotic and eukaryotic 
diversity within the gut (ANOVA, p > 0.05, Tables 1 and 2). There was no evident spatial 
pattern in prokaryotic (Table 1) or eukaryotic (Table 2) diversity in the gut microbiome. 
Station 100.100 (Far South, shelf) had the highest prokaryotic richness (74.55 and 80.62 
Chao and Ace, respectively) but 300.200 had the highest α-diversity (richness and 
evenness) (3.51, Shannon diversity index, Table 1). Stations 200.000 (South, coast) and 
100.100 (Far South, shelf) had the highest eukaryotic richness (10.00 and 9.75 Chao, 
respectively) but 200.000 had the highest α-diversity (2.02, Shannon index, Table 1).  
To discern spatial patterns among L. h. antarctica gut microbiome (prokaryotes) 
and prey (mostly eukaryotes), PCoAs and community composition analyses were 
performed separately for these two respective groups. L. h. antarctica gut prokaryotic 
communities in the Far South sub-region were distinct from the other sub-regions 
although this was not statistically significant (PERMANOVA, p > 0.05, Fig. 5a). No 
significant difference was found in the gut prokaryotic communities along the coast to 
slope gradient (PERMANOVA, p > 0.05, Fig. 5b). For the prokaryotes, Mollicutes, 
Alphaproteobacteria, and Bacteroidia comprised the largest proportion of the community 
and were present within all guts (Fig. 6). Mollicutes had the overall highest abundance 
and represented 42% ± 10% of total sequences for all prokaryotic gut community 
samples, regardless of station location. The greatest differences in taxonomy at the class 
level between sites were primarily due to high relative abundance of Mollicutes (600.200 
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and -100.100), Alphaproteobacteria (400.100 and 200.000), and Spirochaetia (100.200 
and 100.100) (Fig. 6). Gammaproteobacteria contributed on average 5% ± 1% of the 
community and was present at all stations.  
There was no significant spatial pattern in L. h. antarctica gut eukaryotic 
communities along the latitudinal gradient (PERMANOVA, p > 0.05, Fig. 7a) or between 
the coast and slope sub-regions, although there was clearer separation along the 
longitudinal gradient (PERMANOVA, p > 0.05, Fig. 7b). Diatoms (Bacillariophyceae, 
Coscinodiscophyceae), dinoflagellates (Dinophyceae, Syndiniales), chlorophytes 
(Mamiellophyceae), and haptophytes (Prymnesiales, Haptophyta) comprised the largest 
proportion of the gut eukaryotic community by class (Fig. 8). Coscinodiscophyceae 
(centric diatoms) were the most abundant overall, representing on average 42% ± 15% of 
total sequences for all eukaryotic gut community samples. Dinoflagellates, particularly 
Syndiniales, a parasitic dinoflagellate, were present in all samples accounting for 26% ± 
5% of total sequences for all eukaryotic gut community samples. Haptophytes 
(Haptophyta; bi-flagellates which include Phaeocystis) were present in the pteropod guts 
from three stations throughout the WAP (400.100, 200.000, 100.100) and accounted for 
18% ± 6% of relative abundance at these locations. The greatest contrasts in gut contents 
between sites at the class level were high relative abundances of Coscinodiscophyceae at 
coastal stations (300.040 and 100.040), chlorophytes over the Far South shelf (100.100 
and -100.100), and Syndiniales in the South (300.200, 200.00) and Far South (100.100 
and -100.100). Ciliates (Intramacronucleata) and salps (Thaliacea) were also detected in 
guts (400.100 and 300.200/100.200, respectively), although both occurred at low relative 
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abundances (< 5%) (Fig. 8). Fungi (i.e., Agaricomycetes, Malasseziomycetes, and 
Sacchariomycetes) were present in five of nine gut samples at < 5% relative abundance.  
3.3 Characterization of phytoplankton in seawater and pteropod gut contents with 
amplicon-based sequencing   
 
Phytoplankton in seawater and L. h. antarctica guts determined with chloroplast 
16S were analyzed separately (Fig. 9a) and at higher resolution (genus level) Fig. 9). 
There were a total of 12,198 chloroplast 16S sequences in seawater and gut samples. 
Bacillariophyceae and Haptophyta were the dominant taxa in both water (54% ± 14% and 
40% ± 11%, respectively) and guts (70% ± 16% and 20% ± 14%, respectively). 
Coscinodiscophyceae was only present in pteropod guts over the North shelf (400.100) 
and in the surrounding water along the South coast (300.040). At the genus level, 
Pseudo-nitzschia and Imantonia (diatom and haptophyte, respectively) usually comprised 
the largest proportion of the phytoplankton in the water and gut samples. Water and gut 
samples contained similar phytoplankton communities except along the South coast 
(300.040), where gut samples contained 100% Imantonia sequences but were not present 
in the surrounding water–which was dominated by diatoms. Pseudo-nitzschia and 
Imantonia were both equally abundant in seawater (43%) while Imantonia was most 
abundant in the guts–representing on average 93% ± 4% of total sequences for the four 
samples in which it appeared. Pseudo-nitzschia also occurred in four gut samples and 
represented 84% ± 8% of total sequences when present. Microscopy confirmed presence 
of diatoms in guts, with Pseudo-nitzschia most abundant at 600.200 and 300.200 and 
centric diatoms (Fragilariopsis spp., Thalassiosira spp., and Coscinodiscus spp.) most 
abundant at 100.040. The greatest contrasts in gut contents between sites at the genus 
level were primarily due to high relative abundances of Pseudo-nitzschia (600.200, 
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300.200, 100.200, and -100.100) and Imantonia (400.100, 300.040, and100.000). The 
haptophyte Phaeocystis was present in two of the nine gut samples, with an average 
relative abundance of 29% ± 4%. Diatoms Fragilariopsis and Thalassiosira were present 
in three of the nine gut samples and ranged in abundance from 4-15%.  
 
 
3.4 Characterization of pteropod microbiome and gut contents with shotgun 
metagenomic sequencing 
 
A total of 31,260,228 sequences were obtained from three L. h. antarctica gut 
samples using metagenomic analysis. Metaxa2 classified on average, 8,119 ± 3069 as 
SSU rRNA genes. Within the gut samples, L. h. antarctica (Gastropoda) host sequences 
comprised 70% ± 2% of total sequences, the largest proportion of the classified 
community for all samples (Fig. 10). Enoplea (nematode), unclassified arthropods, and 
unclassified eukaryotes were the most relatively abundant taxa after Gastropoda in all 
three samples. These three classes represented on average 7% ± 2% of total classified 
sequences for all three gut samples. The greatest differences in taxonomy among sites 
were primarily due to high relative abundances of Mollicutes in the northern-most station 
(600.200) and unclassified eukaryotes at stations 300.200 and 100.040.  
Comparison of the metagenomic and amplicon-based sequencing analyses 
revealed similar taxa identified at the class level but at different relative abundances. 
Metagenomic and amplicon-based sequencing were in best agreement with analyses of 
eukaryotes, with L. h. antarctica host sequences dominating. Enoplea and unclassified 
arthropods accounted for a proportion (~10%) of the relative abundance in all three 
samples for metagenomic analysis but were not identified with the amplicon-based 
method. Fungi (Agaricomycotina) were present at 600.200 at 0.5% relative abundance 
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and accounted for ~5% relative abundance at this same station as determined with 
amplicon-based sequencing. For prokaryotes found in guts, Mollicutes was the most 
abundant taxa at 600.200 with amplicon-based sequencing (94%; Fig. 6) but was a 
smaller proportion of the classified metagenomic sequences (10%; Fig. 10). Other 
bacteria identified with metagenomic sequencing accounted for < 0.5% of relative 






4.1 Pteropod prokaryotic gut contents (microbiome) 
L. h. antarctica prokaryotic gut communities (microbiome) were largely distinct 
from the surrounding surface seawater, and our work confirms that pteropods, like other 
zooplankton, support different bacterial communities compared to seawater. This 
suggests that the pteropod gut is a unique microbial habit distinct from seawater (Tang et 
al. 2010; Troussellier et al. 2017). Differences between the gut microbiome and 
surrounding seawater were also observed for copepods in the Sargasso Sea (Shoemaker 
and Moisander 2015) and for the Antarctic Krill, E. superba, in the Indian Sector of the 
Southern Ocean (Clarke et al. 2019). L. h. antarctica prokaryotic gut communities 
showed differences along the WAP latitudinal gradient. For example, 
Alphaproteobacteria constituted up to half of the gut community sequences in the North 
and South stations but were < 10% of relative abundance in the Far South. Mollicutes 
was the most abundant prokaryotic class (> 40% of relative abundance) in all gut 
samples, yet relative abundance was low (< 5%) in all corresponding seawater samples, 
which indicates they may be present in the guts as a result of maternal transfer at the egg 
stage. This suggests that Mollicutes is a cosmopolitan component of the L. h. antarctica 
microbiome because it was common in all gut samples, and indicates that the gut 
microbiome is primarily comprised a few highly abundant taxa as opposed to many rare 
species. Our results agree with Clarke et al. (2019) who found the order 
Mycoplasmoidales (also within class Mollicutes, phylum Tenericutes) was one of the 
most abundant taxa identified within the krill E. superba gut microbiome. Mollicutes is 
also a dominant component of other mollusc and aquatic invertebrate gut microbiomes 
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(Boyle et al. 1987), including oysters (King et al. 2012) and abalone (Tanaka et al. 2004). 
The function of Mollicutes remains uncertain, with some studies showing they are 
pathogens in bivalves (Azevedo 1993) and marine invertebrates (Krol et al. 1991), and 
others suggesting they live in a commensal relationship with corals (Kellogg et al. 2009). 
Mycoplasmoidales, which dominated the E. superba microbiome, was positively 
correlated within isopods on surviving on low-quality food (Fraune and Zimmer 2008). If 
Mycoplasmoidales improves survival of E. superba under low food conditions, this taxon 
would benefit overwintering Antarctic zooplankton, such as pteropods and krill. Unique 
classes such as Mollicutes contribute to microbial diversity within the WAP, and future 
research regarding the metabolic functions of these diverse gut communities is needed. 
Some prokaryotes were more equally present within the pteropod gut and in 
surrounding seawater. Since Bacteroidia and Alphaproteobacteria occurred in 
surrounding seawater samples in our study and in others (Luria et al. 2014, 2016; 
Bowman et al. 2017; Cao et al. 2019), and at relatively similar abundances within L. h. 
antarctica’s microbiome, we suggest these classes are more strongly associated with 
environmental conditions within these locations rather than cosmopolitan components of  
L. h. antarctica’s gut microbiome, like Mollicutes. The high relative abundance of 
Bacteroidia and Alphaproteobacteria in the pteropod gut aligns with the community 
structure of bacterioplankton recently determined in the surface waters of the North 
Antarctic Peninsula (Cao et al. 2019). The Far South gut samples in our study clustered 
together and were dominated by Bacteroidia, which  agrees with the results of Luria et al. 
(2014) who found Alphaproteobacteria, Gammaproteobacteria, and Bacteroidia 
dominated bacterial communities in the South (200 line) sub-region of our study area. 
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These trends may be linked to environmental factors, such as sea ice melt inducing water 
column stratification that can increase the abundance of bacterioplankton (Dierssen et al. 
2002), which increases the encounter rate with zooplankton grazers, including pteropods 
(Hitchcock et al. 2010). Bacteroidia sequences affiliated with Flavobacteria were most 
common in the L. h. antarctica microbiome and were also observed by Luria et al. (2014) 
but more so in the North, slope waters. Flavobacteria play an important role in marine 
organic matter degradation and benefit from the co-occurrence of phytoplankton (Gómez-
Pereira et al. 2010), thus we posit Flavobacteria may aid in pteropod digestion of diatoms 
or other phytoplankton as well as aid in detritus digestion. Clarke et al. (2019) observed 
that Proteobacteria dominated the E. superba gut microbiome at the phylum level, as did 
Bacteroidetes, Tenericutes, and Actinobacteria. We did not observe high relative 
abundance of Proteobacteria or Actinobacteria in the L. h. antarctica gut microbiome, 
indicating that the microbiomes of different zooplankton taxa have distinctive 
components.  
While it is difficult to identify the entire community composition within the L. h. 
antarctica gut with metagenomic analysis due to the high number of host sequences, the 
method is useful for comparing with amplicon-based approaches (Franzosa et al. 2016). 
The relative abundance of prokaryotic classes identified with amplicon-based vs. 
metagenomic sequencing were different, indicative of differences in resolution between 
the two methods. Bacteria were < 0.5% abundant in the three metagenomic samples 
except for Mollicutes at 600.200. We attribute these differences in classification to 
amplicon-based methods using more highly conserved reference databases (e.g., Silva) 
compared to metagenomic analysis (e.g., NCBI Blastsearch) (Jovel et al. 2016; Menzel et 
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al. 2016), and suggest amplicon-based sequencing is preferred for future zooplankton 
microbiome studies given its better coverage of sequence classification.  
 
4.2 Pteropod eukaryotic gut contents (prey community) 
Diatoms dominated the L. h. antarctica gut eukaryotic community and there was 
no evidence for prey selectivity. Coscinodiscophyceae (centrics) had the highest overall 
relative abundance within guts (42% of total eukaryotic sequences). Lin et al (2017) also 
identified diatoms as a dominant taxa (41%) within seawater samples along the WAP as 
determined by 18S high-throughput sequencing (41%) although Bacillariophyceae 
diatoms (pennates) were the dominant taxa. Our microbiome study also agreed with our 
microscopic examination in which centric diatoms were the most identified cell type. 
Cleary et al. (2018) also found a dominance of diatoms in E. superba guts at locations 
coinciding with our North sub-region stations (600 line). At the genus level, Pseudo-
nitzschia diatom sequences had the highest relative abundance in the pteropod gut. At 
stations where diatoms (Bacillariophyceae and Coscinodiscophyceae) were not the 
dominant prey, nanophytoplankton, mostly dinoflagellates (Dinophyceae and 
Syndiniales) as well as chlorophytes (Mammiellophyceae) and haptophytes (Haptophyta 
and Prymnesiales)–specifically Imantonia and Phaeocystis. These results generally agree 
with those of Rozema et al. (2017) in Marguerite Bay who found nanophytoplankton 
(cryptophytes and haptophytes) dominated surface waters in summer during low 
phytoplankton biomass years, and similar relative abundances of nanophytoplankton 
were found by Lin et al. (2017) in seawater along the WAP. Cleary et al. (2018) also 
found Phaeocystis in E. superba gut contents but at lower relative abundances (1%) than 
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observed in our study (29%). This discrepancy is likely due to differences in feeding 
behavior; the mucous feeding web used by thecosome pteropods such as L. h. antarctica 
is better suited to intercept colonial phytoplankton, such as Phaeocystis, while 
Phaeocystis mucoid colonies are known to clog E. superba feeding appendages 
(Haberman et al. 2003; Nejstgaard et al. 2007). L. h. antarctica is also a known 
widespread grazer of Phaeocystis in McMurdo Sound, where it was estimated to remove 
up to 550 mg C m-3 of Phaeocystis per day (Elliott et al. 2009). A taxon surprisingly 
absent from seawater and pteropod guts was cryptophytes, which in the WAP are most 
abundant during summer months (December-January) after the seasonal retreat of sea ice 
(Schofield et al. 2017). The absence of cryptophytes as a prey item is likely due to a 
combination of local environmental heterogeneity and variations in short-term 
phytoplankton bloom dynamics. 
Dinoflagellates (Dinophyceae and Syndiniales) were also a dominant group 
present in all the pteropod guts. Cleary et al. (2018) identified dinoflagellates in E. 
superba guts but at lower relative abundance. This difference in abundance could be due 
to sampling location, since Cleary et al. (2018) sampled in more northern coastal stations 
relative to our sampling sites, or due to seasonal and interannual variations since Cleary 
et al. (2018) sampled in December 2014 while our samples were collected in January 
2017. Syndiniales, a parasitic dinoflagellate, was relatively abundant in all pteropod guts 
except two, and has not been reported in a pteropod before. This taxon is known to have a 
widespread occurrence (Guillou et al. 2008) and are commonly associated with grazing 
plankton including microzooplankton, protists, and mesozooplankton throughout the 
global ocean (Lima-Mendez et al. 2015). A related parasitic flagellate (Gregarines) was 
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found in the guts of Antarctic krill and salps (Wallis et al. 2017). The presence of 
parasitic flagellates in three of the most abundant macrozooplankton taxa in the WAP 
(krill, salps, and pteropods; e.g., Steinberg et al. 2015) indicates that endoparasitism 
(parasites that live in the internal organs or tissues of the host) within the Southern Ocean 
may be more common than previously thought. Further research is required to understand 
the spatial and temporal patterns of zooplankton parasite-host interactions in the WAP 
and elsewhere (Wallis et al. 2017).  
Other eukaryotic groups, including salps (Thaliacea) and microzooplankton such 
as ciliates (Intramacronucleata), were in relatively low abundance within gut samples, but 
confirm that L. h. antarctica is omnivorous. Cleary et al. (2018) similarly found ciliates 
in E. superba gut contents at low abundances, and Hopkins and Torres (1989) observed 
tintinnids in the guts of the thecosome pteropod Clio pyramidata in the Weddell Sea. The 
dominance of phytoplankton over ciliates or other microzooplankton in L. h. antarctica 
guts signifies that for this species, mucous webs may act more as a screen for collecting 
tiny particles than as a trap of larger organisms that has been observed for larger shelled 
pteropods (Cavoliniidae in Gilmer and Harbison 1991). In addition, phytoplankton 
dominance is to be expected as our study was conducted during productive austral 
summer when phytoplankton are abundant (Ducklow et al. 2013; Schofield et al. 2017), 
and more so than protozoans (Garzio et al. 2013). L. h. antarctica diets in summer are 
likely thus phytoplankton dominated by diatoms and supplemented by other 
nanophytoplankton (i.e., haptophytes) and microzooplankton (i.e., ciliates). Likewise, 
Bernard et al. (2012) found L. h. antarctica daily rations in summer (1-27%) were 
indicative of primarily herbivorous feeding with occasional consumption of alternative 
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carbon (microzooplankton); they further suggest grazing of microzooplankton occurs 
when macrozooplankton metabolic requirements are not met with phytoplankton grazing 
alone. Fungi were also present in all gut samples at relatively low abundance (< 5%) and 
could potentially be sourced from macroalgae, which has been observed on the Antarctic 
Peninsula (Furbino et al. 2014). Since L. h. antarctica is a dominant grazer along the 
WAP in summer, we suggest their grazing pressure may more directly affect 
phytoplankton than microzooplankton biomass because there are enough phytoplankton 
to adequately support pteropod metabolism during summer.  
L. h. antarctica (eukaryotic) gut contents generally reflected phytoplankton 
community structure along the WAP, although significant spatial differences were not 
evident due to low sample size. Cleary et al. (2018) observed E. superba gut prey 
communities were different between coastal fjords and open waters along the WAP 
(Cleary et al. 2018). Possible explanations for differences in prey communities spatially 
include shifts in the water masses present, variations in vertical structuring of prey 
communities within the water column, alterations in pteropod behavior, or combinations 
of the above (Cleary et al. 2018). Salinity-driven stratification is typical of the very near 
coastal regions in the WAP, caused by summer melt of both glaciers and sea ice, and may 
also influence the eukaryotic prey community structure (Ducklow et al. 2013). A 20-year 
time series of phytoplankton community composition along the WAP determined diatoms 
were observed over the full range of salinities and temperatures from spring to fall while 
cryptophytes were most abundant in lower salinity and colder waters (Schofield et al. 
2017). The wide environmental range of diatoms maintains their dominance in 
208 
 
phytoplankton blooms throughout the WAP and explains their relatively high abundance 
in pteropod guts.  
Regarding metagenomic analysis, our results highlight the importance of 
employing a suite of NGS and traditional techniques to determine zooplankton gut 
contents in order to fully elucidate the prey field. Besides L. h. antarctica host sequences 
(Gastropoda), Enoplea (nematodes) and unclassified arthropods were the most dominant 
eukaryotic groups among the three gut samples but were not detected with amplicon-
based sequencing. Free-living marine nematodes have been reported along the Antarctic 
Peninsula although their distribution is mostly benthic so their presence in pteropod guts 
is surprising (Ingels et al. 2014; Hauquier et al. 2015). Major eukaryotic phytoplankton 
were not identified in the three gut samples with metagenomic analysis but were 
identified with amplicon-based sequencing and with microscopy, indicating a 
discrepancy in the Metaxa2 reference database. While metagenomic analysis confirmed 
the dominant sequences present within the pteropod gut with amplicon-based methods, 
we caution utilizing metagenomic analysis for sole determination of zooplankton prey 







We utilized high-throughput (next-generation) sequencing of the L. h. antarctica 
gut to determine their microbiome and gut contents in high resolution and to examine 
regional shifts in L. h. antarctica feeding ecology along the WAP. This study reports the 
first pteropod microbiome composition and shows Mollicutes bacteria are the most 
cosmopolitan of the L. h. antarctica microbiome. Alphaproteobacteria and Bacteroidia 
sequences affiliated with Flavobacteria were also abundant and Flavobacteria may aid in 
pteropod digestion of diatoms, other phytoplankton, or detritus given their high rates of 
organic matter degradation (Gómez-Pereira et al. 2010). The function of Mollicutes is 
still unknown and expanding high-throughput sequencing analyses in the WAP to 
determine the metabolic functions of these diverse gut communities should be a focus of 
future research. L. h. antarctica eukaryotic gut contents were consistent with previous 
studies using traditional methods, indicating pteropods are mainly herbivorous in 
summer, consuming predominantly diatoms and nanophytoplankton (i.e., dinoflagellates) 
but also supplementing their diet with microzooplankton. Our work shows L. h. 
antarctica is a generalist feeder, and given its high grazing rates, could significantly 
affect net community production and carbon export in the WAP (Lin et al. 2017). The use 
of high-throughput sequencing of pteropod gut contents offers a new, high resolution tool 
that is complimentary to the suite of existing measures to determine the pteropod 
microbiome and prey field. Applying this approach over broader temporal scales will 
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Table 1. Summary of 16S rRNA gene sequences and diversity in water and in the Limacina helicina antarctica (pteropod) gut. 
Sampling stations arranged North to South. ‘Final 16S sequences’ indicates the final number of sequences available after denoising 
sequences. ‘Chloroplast removed’ shows the remaining number of sequences available after subtracting chloroplast 16S sequences. 
Grand means (± 1 standard error) across all stations for water (mean of samples) and pteropod guts (mean of pooled samples) are also 
shown. ‘Observed’ indicates relative sequence coverage for each sample; Chao 1, richness diversity index; ACE, richness diversity 
index, Shannon, alpha diversity (richness & evenness) index. Chloroplast sequences were removed to calculate these diversity indices.








Observed Chao 1 ACE Shannon 
600.200 Water 14393 13415 7424 7408 76 78.62 78.68 3.85 
300.200 Water 7859 7352 5164 5164 67 68.11 69.06 3.86 
300.040 Water 18402 17295 11659 11636 41 46.25 44.73 2.71 
200.000 Water 24469 23127 10541 10510 47 50.11 50.83 2.77 
100.100 Water 2365 2088 788 788 26 26.00 26.00 2.78 
100.040 Water 18833 17308 11075 11043 66 73.50 70.71 3.43 














600.200 Pteropod 157650 137993 60102 60033 26 31.25 30.74 1.93 
400.100 Pteropod 27452 24896 9976 9936 59 61.33 63.19 2.98 
300.200 Pteropod 45236 40576 5403 5386 58 62.00 62.99 3.51 
300.040 Pteropod 51213 46421 23827 23825 38 39.50 39.62 2.79 
200.000 Pteropod 156258 141469 37059 37038 60 73.12 72.14 3.18 
100.200 Pteropod 83733 76518 30431 30420 41 42.15 44.45 2.77 
100.100 Pteropod 269043 246556 151207 150808 67 74.55 80.62 2.95 
100.040 Pteropod 40884 35820 6513 6513 48 50.50 51.28 3.31 
-100.100 Pteropod 160483 142731 67603 67601 35 37.10 39.69 1.94 
















Table 2. Summary of 18S rRNA gene sequences and diversity in water and in the Limacina helicina antarctica (pteropod) gut. 
Sampling stations arranged North to South. ‘Final 18S sequences’ indicates the final number of sequences available after denoising 
sequences. ‘Host removed’ shows the remaining number of sequences available after subtracting host 18S sequences. ‘Host + 
Chloroplast removed’ indicates the remaining number of sequences available after subtracting host 18S sequences and chloroplast 16S 
sequences. Grand means (± 1 standard error) across all stations for water (mean of samples) and pteropod guts (mean of pooled 
samples) are also shown. ‘Observed’ indicates relative sequence coverage for each sample; Chao 1, richness diversity index; ACE, 
richness diversity index, Shannon, alpha diversity (richness & evenness) index. L. h. antarctica sequences were removed to calculate 
these diversity indices. 











Observed Chao 1 ACE Shannon 
600.200 Water 14393 13415 1900 1876 1865 8 8.00 8.35 1.99 
300.200 Water 7859 7352 395 375 366 8 8.33 9.16 1.89 
300.040 Water 18402 17295 526 516 509 9 9.75 11.59 1.96 
200.000 Water 24469 23127 789 54 44 5 5.00 5.00 1.53 
100.100 Water 2365 2088 662 593 585 5 5.00 5.44 1.21 
100.040 Water 18833 17308 1450 1412 1363 3 3.00 3.00 1.02 




953 ± 241 7758 ± 
1720 








600.200 Pteropod 157650 137993 48171 159 151 5 5.00 5.37 1.45 
400.100 Pteropod 27452 24896 9776 453 382 7 7.00 7.47 1.76 
300.200 Pteropod 45236 40576 19816 114 102 5 5.00 5.75 1.31 
300.040 Pteropod 51213 46421 15189 31 24 1 1 NA NA 
200.000 Pteropod 156258 141469 70661 331 324 9 10.00 10.82 2.02 
100.200 Pteropod 83733 76518 25107 206 206 5 5.00 5.40 1.28 
100.100 Pteropod 269043 246556 20701 1250 1174 9 9.75 12.61 1.91 
100.040 Pteropod 40884 35820 26967 43 43 3 3.00 4.08 1.13 
-100.100 Pteropod 160483 142731 34181 214 176 4 4.00 4.00 1.29 




















Figure 1. Map of PAL LTER study region. Study region (highlighted in box) relative to 
the Antarctic continent. Shades of gray illustrate bathymetry, with light gray indicating 
the continental shelf and dark gray the continental slope and abyssal plain. Shelf break is 
represented by light/dark gray interface near 1000 m, extending down to 3000 m 
(Ducklow et al. 2012). PAL LTER grid lines are numbered from 600 to −100, with the 
far slope (200), shelf (100), and coast (040) stations indicated for reference (Waters and 
Smith 1992). Grid lines are distanced 100 km apart and individual stations for a given 
grid line are 20 km apart. Horizontal lines delineate the “North,” “South,” and “Far 
South” subregions. Vertical lines indicate the coastal, shelf, and slope subregions. All 
region divisions are based on hydrographic and sea ice conditions (Martinson et al. 
2008). An, Anvers Island, the location of Palmer Station; MB, Marguerite Bay; Ad, 






Figure 2. Principal Coordinate Analysis (PCoA) representing the diversity of 16S/18S 
rRNA NGS of prokaryote and eukaryote communities within Limacina helicina 
antarctica guts (Pteropod) and seawater (Water). Sample dissimilarity and distance 
analysis was calculated using the Bray-Curtis dissimilarity index. Significant effects      
(p < 0.05) of the sample type in ASV dissimilarity were tested by multivariate 





Figure 3. Principal Coordinate Analysis (PCoA) of 16S/18S rRNA NGS of prokaryote and eukaryote communities from 
seawater sampling stations. A) Grouping by latitudinal sub-region along the WAP, B) Grouping by cross-shelf sub-region 
(coast to slope). Significant effects (p < 0.05) of the sampling location in ASV dissimilarity were tested by multivariate 
permutational ANOVA (PERMANOVA) and the p-values are shown in the plot. To increase the identification of eukaryotic 
(18S) sequences, sequences from each station’s combined (three-gut) sample were pooled together although this decreased the 






Figure 4. Community composition by class present in surface seawater at each sampling station as determined by 16S (A) and 
18S (B) rRNA NGS analysis. Classes are listed in key to right. Key above graph identifies each sampling station number, 





Figure 5. Principal Coordinate Analysis (PCoA) of 16S rRNA NGS prokaryotic community within Limacina helicina 
antarctica guts. A) Grouping by latitudinal sub-region along the WAP, B) Grouping by cross-shelf sub-region (coast to slope). 
Significant effects (p < 0.05) of the sample type in ASV dissimilarity were tested by multivariate permutational ANOVA 




Figure 6. Prokaryote (bacterial) community composition by class present within Limacina helicina antarctica guts at each 
sampling station as determined by 16S rRNA NGS analysis. Classes are listed in key to right. Key above graph identifies each 




Figure 7. PCoA of 18S rRNA NGS eukaryotic gut communities with Limacina helicina antarctica host sequences removed. 
A) Grouping by latitudinal sub-region along the WAP, B) Grouping by cross-shelf sub-region (coast to slope). Significant 
effects (p < 0.05) of the sample type in ASV dissimilarity were tested by multivariate permutational ANOVA 
(PERMANOVA) and the p-values are shown in the plot. To increase the identification of eukaryotic (18S) sequences, 
sequences from each station’s combined (three-gut) sample were pooled together although this decreased the statistical power 






Figure 8. Eukaryotic community composition by class present within Limacina helicina antarctica pteropod guts at sampling 
stations as determined by 18S rRNA NGS analysis. L. h. antarctica host sequences were removed for this analysis. Classes are 




Figure 9. Phytoplankton community composition by class (A) and genus (B) present in 
seawater (W) and within Limacina helicina antarctica pteropod guts (P) at sampling 
stations as determined by chloroplast 16S rRNA NGS analysis. Genera are listed in key 
to right. Key above graph identifies each sampling station number, arranged from North 
(left) to South (right). Note: there are no water samples available from stations 400.100, 






Figure 10. Community composition by class within Limacina helicina antarctica guts as 
determined by metagenomic sequencing analysis from select stations along the WAP. 
Sequences were processed through Metaxa2 (Bengtsson-Palme et al. 2015) for taxonomic 
identification that extracts partial rRNA sequences from large sequencing data sets (i.e., 
metagenomes). Arranged from North to South: (a) 600.200, (b) 300.200, and (c) 100.040. 
Classes are listed in key to right. Pie charts indicate relative abundance of taxa with  

































Pteropods are an important link between primary producers and higher trophic 
organisms and are ubiquitous in the global oceans. They are contributors to organic and 
inorganic carbon flux via their mucous web production and grazing, active transport to 
depth of fecal pellets and dissolved nutrients, and the formation and dissolution of their 
calcium carbonate shells. Pteropods are key indicators of ecosystem health due to the 
vulnerability of their aragonitic shells dissolving under ocean acidification conditions, 
which could greatly affect their abundances in the future. My research is the most 
spatially and temporally rich long-term analysis of pteropod biogeography in the 
Southern Ocean (Chapter 2), and the only year-round analysis of their population 
dynamics and phenology in the region (Chapter 3). I also present some of the first 
pteropod metabolic measurements in the Southern Ocean and show how these rates are 
affected by shifting environmental conditions (Chapter 4). Finally, I utilized high-
throughput sequencing techniques to determine Limacina helicina antarctica’s 
microbiome for the first time as well as their gut contents (Chapter 5).  
Previous studies in the Antarctic and elsewhere have shown a variety of climate 
and environmental controls affect pteropod regional abundance and distribution 
(Beaugrand et al. 2012; Mackas and Galbraith 2012; Loeb and Santora 2013; Howes et 
al. 2015; Steinberg et al. 2015; Burridge et al. 2017). My results reveal that climate 
oscillations leading to warmer conditions and subsequently low sea ice are important 
controls on pteropod long-term (1993-2017) abundance in the WAP (Thibodeau et al. 
2019, chapter 2). In the WAP, strong La Niña years, in combination with a positive 
Southern Annular Mode (SAM), produce negative sea level pressure and subsequent 
anomalously strong winds from the North, particularly in the spring. These winds 
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influence the position of basin-scale water masses and produce earlier (wind-driven) ice-
edge retreats, the latter also facilitating warmer ice-free conditions in spring-summer that 
favor higher abundances of the thecosome pteropod L. h. antarctica (Ross et al. 2008; 
Steinberg et al. 2015). My results show pteropod populations either remained stable 
(shelled pteropods) or increased (non-shelled pteropods) and were most strongly affected 
by La Niña conditions the year prior which led to warmer, ice-free waters. These trends 
indicate future climate regimes that favor shorter sea ice seasons and warmer, ice-free 
spring–summer conditions (e.g., La Niñas, positive SAM) may support increased 
pteropod abundance and grazing pressure. While forecasting future La Niñas is difficult, 
there is model confidence that there will be longer periods of positive SAM since it is 
anthropogenic forced from ozone depletion (Hobbs et al. 2016). Finally, weak 
relationships were found between pteropod abundance and carbonate chemistry (i.e., 
aragonite saturation), and no detectable long-term trend in carbonate parameters was 
observed. These factors indicate ocean acidification is not presently a parameter 
influencing WAP pteropod abundance, although is predicted to in the future as ocean 
acidification conditions increase (Thibodeau et al. 2019, chapter 2).  
Shorter sea ice seasons that promote longer periods of open water in 
spring/summer can also strongly affect pteropod phenology and population dynamics in 
the WAP. Shifts in phenology (i.e., annually occurring life history events) have been 
observed among many marine organisms due to global warming (Edwards and 
Richardson 2004), resulting in regional trophic mismatches and significant impacts on 
local food webs (Edwards and Richardson 2004; Ji et al. 2010; Poloczanska et al. 2013). 
By measuring L. h. antarctica shell lengths from samples collected in a year-round 
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sediment trap from 2004 to 2018 along the WAP, I found considerable interannual 
variability in the time of appearance of a new pteropod cohort but no long-term, 
directional change in time of appearance or growth rate. I determined the first year-round 
L. h. antarctica growth rates  
in the Southern Ocean, which revealed that pteropods actively grow throughout the 
winter season with the most rapid growth occurring during austral spring when 
chlorophyll a (food) is high. These data can be used to predict the effects of 
environmental change on pteropods in the future and to incorporate seasonal growth rates 
into food web models. As seen in the results from my pteropod abundance time series 
analysis, less sea ice and earlier retreat the year prior corresponded to earlier pteropod 
time of appearance and faster growth rates. Elevated sea surface temperature (SST), in 
the year prior and chlorophyll a the same year also led to faster pteropod growth. These 
results show that pteropod life history is strongly controlled by sea ice, SST, and PP; 
Therefore, long-term regional warming in the WAP may change pteropod phenology in 
the future with consequences for the food web and biogeochemical cycling.  
Metabolic shifts in zooplankton are suggested to be important predictors of 
zooplankton to climate change, particularly in response to thermal thresholds and food 
availability (Steinberg and Landry 2017). Within the Southern Ocean, most studies of 
pteropod metabolism have been conducted with the abundant shelled pteropod, L. h. 
antarctica, to identify the effects of increasing pCO2 on their metabolism (Maas et al. 
2011; Seibel et al. 2012; Hoshijima et al. 2017), but little was known about how warming 
seawater temperatures with shifting food availability were affecting pteropod physiology. 
By conducting shipboard experiments exposing L. h. antarctica to elevated temperature 
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and decreased phytoplankton (food) concentrations, I found that highest respiration and 
usually highest excretion rates occurred under higher temperature with more limited 
effect of food concentrations. Increasing temperature and food also affected the relative 
proportion of release of different organic to inorganic dissolved constituents excreted by 
L. h. antarctica, which could exert an important control on phytoplankton growth and 
bacterial production in the WAP (Steinberg and Saba 2008). Calculated Q10 values were 
within the range (2-3) indicative of organisms living in their natural thermal range (Ikeda 
1985), which suggests that L. h. antarctica are thermally tolerant of acute temperature 
changes. While prolonged periods of warming could negatively affect L. h. antarctica’s 
ability to allocate energy to other necessary physiologic processes (i.e., growth and 
reproduction) their growth rates have not significantly decreased over time (Chapter 3) 
revealing that long-term warming along the WAP has not yet negatively affected their 
development.   
While L. h. antarctica is an abundant zooplankton species along the WAP and an 
important grazer of phytoplankton (Bernard et al. 2012; Steinberg et al. 2015), their 
microbiome and prey selectivity were not well known. My dissertation revealed regional 
shifts in the pteropod prokaryote and eukaryote gut contents along the WAP with high-
throughput sequencing of 16S and 18S rRNA genes, which provides a much higher 
taxonomic resolution compared to traditional methods (i.e., microscopy and stable 
isotopes). My dissertation provides the first description of the pteropod microbiome, 
revealing that Mollicutes bacteria were a cosmopolitan component of the microbiome 
with other relatively abundant classes (Alphaproteobacteria and Bacteroidia) reflecting 
the surrounding seawater microbial community. Eukaryotic gut contents were consistent 
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with previous studies using traditional methods indicating pteropods are generally 
herbivorous (i.e., diatoms, haptophytes, and dinoflagellates) but supplement their diet 
feeding on microzooplankton as well (i.e., ciliates). In addition, L. h. antarctica gut 
prokaryotic community composition in the Far South sub-region was distinct from the 
other sub-regions with no statistically detectable spatial differences in the eukaryotic gut 
community. Given that L. h. antarctica metabolism was relatively unaffected by shifting 
phytoplankton biomass (Chapter 4) and that their gut contents were indicative of 
generalist feeding behavior, I suggest L. h. antarctica is metabolically tolerant to shifts in 
phytoplankton biomass and community composition during summer, which is to the 
pteropods’ advantage as a shift in their prey is projected to propagate along the WAP 
(Montes-Hugo et al. 2009; Schofield et al. 2017).  
Much of the research presented in this dissertation occurred in austral summer; 
therefore, future research should examine seasonal dynamics of pteropod populations and 
biogeography. While L. h. antarctica was the primary focus of this dissertation, similar 
metabolic experiments can and should be applied to the less abundant pteropod species 
along the WAP, as they can be especially prominent in other regions north of the polar 
front (Spongiobranchaea australis) and in deeper waters (Clio pyramidata) making 
important contributions to the food web and biogeochemical cycling (Hunt et al. 2008; 
Suprenand et al. 2015a; Thibodeau et al. 2019, chapter 2). In addition, now that L. h. 
antarctica gut contents have been successfully amplified and sequenced, future work 
should focus on understanding pteropod prey selectivity over seasonal time scales and 
determining the metabolic functions of the microbes identified in L. h. antarctica’s core 
microbiome. Finally, this dissertation shows the importance of data collected through 
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sustained time series. With the impending threat of extensive aragonite undersaturation in 
the near future (Hauri et al. 2016), it will be important to continuously monitor pteropod 
population dynamics and physiology to identify thresholds and tipping points under 
increasingly dynamic environmental conditions. 
While there has been much concern about the impact of ocean acidification on 
shelled pteropod populations (Bednaršek et al. 2012; Manno et al. 2017) my research 
shows that in the WAP pteropods are currently most affected by other environmental 
changes. Pteropod metabolism was most responsive to short-term increases in 
temperature, which is also seen as a driving factor controlling their long-term 
abundances. Weak relationships were found between pteropod abundance and carbonate 
chemistry, and no detectable long-term trend in carbonate parameters was determined; 
however a tipping point may soon be reached in WAP waters as the aragonite saturation 
horizon is expected to significantly shoal in the coming decades (Negrete-García et al. 
2019). The impending effect of ocean acidification in the future emphasizes the need for 
current data to identify trends in pteropod biogeography and physiology, which this 
dissertation provides. My research shows that pteropods are responsive to considerable 
environmental variability on both temporal and spatial scales, and the relatively short life 
span of pteropods enables their use as bioindicators not only for future ocean 
acidification but also current environmental conditions, particularly shifts in sea ice and 
increased SST. The WAP is experiencing the most rapid warming in the Antarctic, and 
therefore represents a natural laboratory in which environmental gradients can act as 
analogs for predicted future change in other regions of Antarctica. The identified 
responses of pteropods to environmental shifts presented in this dissertation are key for 
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determining future effects of climate change on regional biogeochemical cycling and 
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